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CONFERENCE  SUMMARY 


As  with  most  fields  of  research,  the  passage  of  time  has  brought  to  Phonon  Physics  a 
splintering  of  activity  into  various  subfields.  Although  any  attempt  to  give  all  inconn  passing 
names  to  these  subfields  is  necessarily  imprecise,  it  is  at  least  partially  correct  to  characterize 
most  of  the  current  activity  as  falling  into  two  major  subfields;  namely,  Lattice  Dynamics  and 
Phonon  Transport. 

It  has  been  the  tradition  over  the  last  decade  for  investigators  in  these  subfields  to  meet 
separately.  And  yet,  as  the  overall  field  of  Phonon  Physics  progresses,  each  group  is  becoming 
ever  increasingly  dependent  on  the  findings  of  the  other.  It  follows  logically  from  this 
interdependence  that  the  subgroups  need  to  meet  jointly  from  time  to  time  for  a  discussion  of 
advances  and  in  order  to  provide  a  forum  for  a  synthesis  of  results. 

The  19S1  International  Conference  on  Phonon  Physics  was  organized  to  fill  this  need.  The 
Conference  is  nominally  the  successor  of  conferences  on  Lattice  Dynamics  held  in  Copenhagen 
in  1963,  in  Rennes  in  1971  and  in  Paris  in  1977,  but  it  also  includes  the  work  on  Phonon 
Transport  which  previously  has  been  the  subject  of  conferences  held  in  Ste.  Maxime  in  1972,  in 
Nottingham  in  1973  and  in  Providence  in  1979. 

The  call  for  contributions  resulted  in  the  submission  of  just  over  330  abstracts.  Papers 
were  arranged  into  sessions  of  "long"  and  "short"  talks  and  poster  presentations.  The  selection  of 
papers  and  their  assignment  among  these  sessions  was  accomplished  through  consultations  with 
many  prominent  scientists  in  the  field;  particularly,  with  the  members  of  the  Conferences 
International  Organizing  and  its  Program  Advisory  Committees.  It  fell  to  the  Local  Program 
Committee  and  the  Conference  Chairman  to  assimulate  and  act  upon  this  information  and  to 
arrange  the  various  accepted  contributions  so  as  to  create  a  coherent  program. 

The  Conference  was  held  in  Bloomington,  Indiana,  U.S.A.  within  the  facilities  of  Indiana 
University  from  August  31  through  September  3,  1981.  About  300  persons,  from  30  countries 
(representing  every  continent)  attended  the  Conference.  Fifteen  major  topics  were  covered  (see 
contents). 

A  number  of  innovations  were  instituted  to  encourage  interactions  among  those  of 
diverse  interests.  Among  the  more  successful  of  these  innovations  were  t 

i)  limiting  each  day  to  four  (to  at  most  five)  subjects, 

ii)  to  require  "long"  talk  speakers  te  also  present  a  pester  during  the  poster  session  on 

their  topic,  and 

iii)  to  hold  the  poster  session  each  day  in  a  single  room  without  a  competing  session  of 

any  kind. 

Organizing  a  Conference  of  this  size  and  diversity  requires  the  support  end  efforts  of  o 
largo  number  of  persons.  Of  prime  importance  were  the  efforts  of  the  Conference*!  Standing 
Committees. 

During  the  Conference  an  Interim  Steering  Committee  was  formed  end  charged  with  the 

i 


mission  of  finding  a  place  and  date  for  a  future  meeting  of  similar  scope. 

The  present  Conference  had  an  unfortunate  conjunction  with  an  economic  downturn 
occurring  throughout  most  of  the  world,  which  manifested  itself  in  this  regard  in  severely 
limiting  the  travel  support  available  to  scientists  from  their  own  countries.  It  became,  there¬ 
fore,  critical  to  obtain  some  funds  from  sources  within  the  U.S.A.  Because  of  the  strong  demand 
for  assistance,  it  turned  out  to  be  possible  to  give  only  partial  support  for  primarily  local 
expenses  and,  even  then,  not  to  all  who  were  deserving.  All  the  same,  we  are  extremely  grateful 
to  those  sources  whose  sponsorship  and  generous  support  funds  made  it  possible  for  many 
delegates  to  attend  the  Conference.  Sponsorship  and  support  funds  are  gratefully  acknowledged 
from  the 

International  Union  of  Pure  and  Applied  Physics 
American  Physical  Society  (Sponsorship  only) 

U.S.  National  Science  Foundation 
U.S.  Department  of  Energy 
U.S.  Office  of  Naval  Research 
U.S.  Army  Research  Office 
Indiana  University 
I.U.  Department  of  Physics 

Finally,  this  Conference  would  not  have  been  possible  without  the  dedicated  work  of  its 
Secretariat  (Vicki  Woodward,  Mindy  Richards,  Kathryn  Crouch,  and  particularly  3udy  Chappie), 
and  that  of  Kevin  Knerr  and  his  staff  of  Indiana  University's  Conference  Bureau,  as  well  as  that 
of  the  members  of  the  facultv  and  the  student  body  who  volunteered  to  help  in  the  operation  of 
the  Conference  itself.  The  support  of  all  these  persons  is  gratefully  acknowledged. 

W.E.  Bron 

Professor  of  Physics 

Bloomington,  Indiana,  U.S. A. 
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PHONONS  IN  MIXED  VALENCE  COMPOUNDS 

M  »  ** 
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Abstract.-  Several  mixed-valence  NaCl-structure  compounds  show 
strong  anomalies  in  the  phonon  dispersion  curves.  These  anomalies 
are  related  to  the  interaction  of  localized  f-electrons  with  de¬ 
localized  band  electrons  near  the  Fermi  surface  and  to  the  iso- 
structural  phase  transitions  characterized  by  a  softening  of  the 
bulk  modulus.  The  lattice  dynamics  of  these  compounds  is  revie¬ 
wed  and  the  dispersion  curves  are  analyzed  in  terms  of  a  brea¬ 
thing  shell  model  including  various  modifications.  The  relation 
between  the  phonon  self-energies  and  the  electronic  band  struc¬ 
ture  is  discussed.  In  addition,  the  polarized  Raman  spectra  are 
interpreted  in  terms  of  local  cluster  deformabilities  of  breat¬ 
hing  and  quadrupolar  symmetry.  Similarities  and  differences  of 
phonon  anomalies,  Raman  spectra  and  electronic  band  structure  in 
semiconducting,  superconducting  and  mixed  valence  compounds  are 
pointed  out. 


I.  Introduction.-  Rare  earth  atoms  are  characterized  by  extremely  lo¬ 
calized,  partly  filled  4f  shells.  In  solids  most  of  the  rare  earth 
ions  are  trivalent  with  the  exception  of  Sm  and  Eu  in  the  middle  and 
Tm  and  Yb  at  the  end  of  the  series.  For  these  ions  Hund's  rule  coup¬ 
lings  become  Important  and  the  divalent  state  is  favored.  In  Sm, 

Eu,  Tm,  and  Yb  as  well  as  in  Ce  compounds  the  4fn(5d6s)m  and  the 
4fn_1 (5d6s)m+1  states  are  energetically  close  and  may  become  nearly 
degenerate  when  the  external  parameters  (pressure,  temperature)  are 
changed.  The  same  can  happen  if  the  composition  is  changed  (e.g.  by 
alloying) .  In  these  cases  isostructural  phase  transitions  into  a  homo¬ 
geneous  intermediate  (non  integer)  valence  phase  have  been  observed. 
Since  the  screening  of  the  Coulomb  attraction  of  the  core  is  signifi¬ 
cantly  reduced  when  a  localised  4f  electron  is  promoted  to  the  deloca¬ 
lized  (5d6s)  band  large  changes  in  volume  occur. 

The  coexistence  of  two  neighboring,  nearly  degenerate  configura¬ 
tions  4fn(5d6s)m  and  4fn-1  <5d6s)n'''1  at  equivalent  rare  earth  ions 
leads  to  valence  fluctuations  for  which  the  charge  relaxation  rate 
may  be  on  the  sms  time  scale  as  the  lattice  vibrations.  It  can,  the¬ 
refore,  be  expected  that  the  valence  fluctuations  manifest  themselves 
not  only  in  the  electronic  and  magnetic  properties  of  the  rare  earth 
compounds  but  also  in  the  phonon  spectra.  Due  to  strong  electron-pho- 
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non  interactions,  pronounced  anomalies  in  the  phonon  dispersion  curves 
are  expected  for  those  modes  which  are  sensitive  to  the  isotropic  de¬ 
formation  of  the  charge  density  of  the  rare  earth  ions. 

Experimental  investigations  of  the  lattice  properties  have  re¬ 
vealed  a  number  of  characteristic  features:  (i)  A  soft  bulk  modulus1 
due  to  c^2<0  and  anomalous  mean  square  sulphur  displacements  of 
Sm1-x\Sfor  x>0*1s2'  (ii)  a  softening  of  the  zone  boundary  phonons  in 
semiconducting  and  metallic  SmS^'4,  (iii)  anomalies  in  the  phonon  dis¬ 
persion  curves  of  SmQ  75Y0  25S5'6,  a  s°ft®nin9  of  the  bulk  mo¬ 

dulus  due  to  c. _<o  and  anomalies  in  the  phonon  dispersion  curves  of 
7  8  ^ 

TmSe',(V)  strong  interaction  of  the  4f  multiplet  levels  with  phonons  in 

g 

Sm.  Y  Se  and  Sm.  YS,  and  (VI)  a  softening  of  the  zone  center  optic  mo- 
1 —x  x  1  — x  X 

des  in  CePd^ 

Several  theoretical  approaches  have  been  proposed  for  the  treat¬ 
ment  of  the  electron-phonon  interactions  and  the  description  of  the 
phonon  anomalies  of  Sn^  75Yq  ^S1  1-15  and  SmS4'16  in  its  semiconduc¬ 
ting  as  well  an  in  its  metallic  phase.  Recent  calculations  of  the  va¬ 
riation  of  the  charge  relaxation  rates  of  rare  earth  ions  as  a  func¬ 
tion  of  their  valence  have  provided  a  systematic  understanding  of  the 
occurrence  or  absence  of  phonon  anomalies  in  intermediate  valence  com¬ 
pounds1  7 . 


II.  Lattice  dynamics.-  The  electronic  densities  of  states 


18-20 


,21 


22,23 


CS5,6  and  YS 


and  the 
24 


phonon  dispersion  curves  of  EuS  SmS" ' ,  SitIq  75Yq  25- 
are  shown  schematically  in  Fig.  1.  In  SmS  the  filled  3p  bands  are  se¬ 
parated  by  a  band  gap  of  about  3eV  from  the  empty  5d  and  6s  bands.  The 
localized  4f  states  and  the  Fermi  level  lie  at  the  bottom  of  the  con¬ 
duction  band.  The  phonon  dispersion 
curves  of  SmS  look  like  those  of  a 
typical  ionic  semiconductor.  A  com¬ 
parison  between  the  dispersion  cur¬ 
ves  of  EuS  and  SmS  reveals,  however, 
an  incipient  effect  of  intermediate 
valence  in  SmS.  Compared  to  EuS  the 
LO  branch  of  SmS  is  lowered  and  the 
bulk  modulus  is  decreased.  The  lo¬ 
wering  at  the  r-point  and  at  the  L- 
point  is  due  to  an  increased  dipolar 
(r15)  electronic  deformabillty  of 
the  Sm  ions  and  a  breathing  (r1 ) + 
deformabillty  of  the  Sm  ions  respec¬ 
tively,  which  also  reduces  the  bulk 


Fie.  1 .  Electronic  densities  of  states 
and  phonon  dispersion  curves. 
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modulus  by  about  15%.  These  effects  are  caused  by  the  lowered  4f-5d 
promotion  energy  In  SmS  as  compared  to  EuS. 

When  we  go  from  SmS  to  YS  we  find  a  considerable  change  in  the 
dispersion  curves.  YS  is  a  superconductor  with  a  partly  filled  4d-5s 
band.  The  metallic  screening  of  the  conduction  electrons  leads  to  de¬ 
generate  LO-TO  phonons  at  the  r-point.  The  degeneracy  persists  all 
along  the  A  direction.  This  indicates  that  the  long  range  Coulomb  for¬ 


ces  are  screened  out  almost  completely  and  that  only  nearest  neighbor 
(nn)  overlap  forces  are  important.  Therefore  a  neutral  nn  approach  is 
a  good  starting  point  for  the  description  of  phonons  in  YS  and  in  me¬ 
tallic  intermediate  valent  SmQ  75YQ  25S. 

As  we  have  already  seen  in  the  discussion  of  SmS  local  electronic 

deformabilities  are  a  very  useful  concept  for  understanding  the  spe- 
25 

cial  features  and,  in  particular,  the  anomalies  in  the  phonon  disper¬ 
sion  curves.  Assuming  radial  coupling  between  nn  in  a  NaCI  lattice  on¬ 
ly  three  deformabilities  are  possible  for  each  ion.  Fig.  2  illustrates 
the  different  symmetry  types.  In  an  adiabatic  multipole  model  the  dy¬ 
namical  matrix  becomes  the  sum  of  a  rigid  ion  part  and  a  deformability 
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Fix.  2.  Displacement-induced  local  de- 
formabilities 


Tab .  1 .  Local  deformabilities 

part  which  itself  contains  a  sum 
over  all  possible  symmetries.  In 
Tab.  I  the  effects  which  result 
in  a  decrease  of  the  corresponding 


phonon  frequencies  are  summarized.  We  have  already  discussed  the  r| 
and  rtg  deformabilities  of  the  Sa  ion  in  SmS.  The  LA(L)  anomaly  in  YS 
(the  dashed  line  in  Fig.  1  indicates  the  normal  dispersion  curve)  ex¬ 
hibits  a  breathing  deformability  of  the  S  ion  which  may  be  caused  by 

resonance-like  valence  d„„  conduction  d„„  excitations  near  E_  since 

xy  xy  2o  r 

YS  has  not  only  Y  4d  but  also  S  3d  states  near  E_. 

xy  xy  * 

When  going  from  YS  to  SmQ  75 YQ  25s'  the  Fermi  energy  decreases 
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relative  to  the  band  edge  and  a  large  fraction  of  the  S  d  states  may 

xy 

become  depopulated.  If  we  look  at  the  dispersion  curves  we  see  that 
the  LA(L)  anomaly  has  in  fact  disappeared.  Instead,  a  new  anomaly  in 
the  LA  branch  is  found  at  smaller  g-values  where  the  LA-branch  now 
lies  below  the  TA-branch.  At  the  same  time  the  LO(L)  frequency  (which 
in  YS  was  practically  degenerate  with  the  TO(L)  frequency)  is  signifi¬ 
cantly  lowered.  Both  effects  result  from  a  breathing  deforroability  of 
the  Sm  ion  arising  from  virtual  Sm  4f-»  5d  state  excitations,  which  are 
characteristic  of  the  mixed-valent  state.  In  addition  to  the  splitting 
of  the  LO  and  TO  phonons  at  the  L-point  we  observe  a  lowering  of  the 
optic  modes  at  T.  This  is  consistent  with  a  dipolar  deformability  at 
the  Sm-ion  caused  by  the  hybridization  of  the  Sm  4f-levels  with  d- 
states  of  S,  Sm  and  Y. 


Fig.  3.  Phonon  dispersion  curves  of 
SmO.T5Y0.25S’ 


gifcjLi  Phonon  vidth  for  longitudinal 
mode.5*6*15 


Fig.  3  shows  the  results  of  our  cal¬ 
culations13.  Only  five  parameters 
have  been  used:  two  nn  overlap  for¬ 
ce  constants  a  breathing  and  a  dipo¬ 
lar  Sm  deformability  (which  are  as¬ 
sumed  to  be  equal)  and  a  quadrupolar 
S  deformability  which  lifts  the  de¬ 
generacy  of  the  TA(X)  and  LA(X)  and 
may  be  interpreted  as  a  remainder  of 
the  Coulomb  interaction.  In  view  of 
the  simplicity  of  our  model  the 
agreement  with  experiment  is  quite 
satisfactory. 

Recent  calculations  of  Wakabay- 
ashi16  show  that  the  model  can  also 
account  for  the  wave  vector  depen¬ 
dent  lifetimes  of  the  longitudinal 
phonons  if  the  relaxation  of  the 
electronic  system  is  taken  into  ac¬ 
count.  Fig.  4  shows  that  the  line 
widths  calculated1 5  with  a  relaxa¬ 
tion  time  of  4.10~14s  compare  well 
with  the  experimental  results3'6. 

Using  essentially  the  same 
model  we  have  been  able  to  reproduce 
rather  well  the  phonon  dispersion 
curves  of  TmSe  measured  recently26. 
The  results  are  given  in  Fig.  5. 


C6-7 


It  is  seen  from  the  splitting 
of  the  LO (A )  and  TO (A)  bran¬ 
ches  that  for  shorter  wave¬ 
lengths  the  Coulomb  contri¬ 
butions  play  an  important  ro¬ 
le  and  have  to  be  included 
in  the  calculation.  In  addi¬ 
tion  to  the  parameters  used 
for  the  calculation  of 
Sm0  75Yq  25S  we  take  into  ac¬ 
count  screened  Coulomb  and 
weak  Tm-Tm  interactions. 


III.  Raman  Scattering.-  So  far  we  have  parametrized  the  electron-lat¬ 
tice  interaction  in  terms  of  local  cluster  deformabilities  and  found 
that  three  deformabilities  (  breathing,  quadrupolar  and  dipolar)  were 
sufficient  to  describe  the  anomalous  part  of  the  phonon  dispersion  cur 
ves.  We  show  now  that  the  relevant  features  of  the  polarized  Raman 
spectra  are  due  to  the  same  deformabilities  which  cause  the  strong  ano 
malies  in  the  phonon  dispersion  curves.  For  this  purpose  we  expand  the 
polarization  operators  Pag(t)  into  normal  coordinates  A(q,j  )  and  im¬ 
purity-induced  distortions  B(q,*)  at  lattice  site  k.  The  first-order 
terms  read  as  follows 

£poB(q»jiO  B(-q.K)  A(q,j)  =  pag(qj)  *{gj) 

This  equation  describes  the  symmetry  breaking  effect  of  the  impuri¬ 
ties  with  respect  to  the  q  selection  rule,  so  that  T0g(q>j)  /  o  for 
q  *  o.  Instead  of  using  a  many  parameter  fit  of  the  expansion  coeffi¬ 
cients  of  pag(q'j)  in  ordinary  space  we  use  cluster  related  projec¬ 
tion  operators  to  calculate  the  components  of  the  Raman  spectra  which 
correspond  to  the  different  cluster  deformabilities.  The  scaling  fac¬ 
tors  for  the  partial  spectra  related  to  the  cluster  deform ability  of 
symmetry  at  the  central  cluster  ion  tc  are  taken  as  parameters. 

In  Fig.  6  we  compare  our  polarized  Raman  scattering  data  for  Sra&7 
(upper  part)  with  the  results  of  our  calculation  (lower  part) .The  bold 
lines  in  the  lower  part  represent  the  one-phonon  density  of  states 
weighted  by  (n(qj)+1 ) /» (qj) .  This  is  the  simplest  approach  to  the  Ra¬ 
man  density  and  gives  only  a  very  poor  description  of  the  measured 
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WUE  NUMBER  low') 


27 

Fig.  6.  Polarized  Raman  spectra  of 
SmS  (upper  part).  Lower  part ;  veigthed 
one  phonon  density:  bold  line;  brea¬ 
thing  contribution:  hatched  area;  qua- 
drupolar  contribution:  thin  line. 

-1 


spectra. However ,  taking  into  account 
the  impending  valence  instability  of 
Sm  by  a  breathing  response  (r|) 
of  the  charge  density  around  the 
Sm  ion,  we  obtain  the  shaded  cur¬ 
ve,  which  explains  nicely  the 
strong  rt  Raman  scattering  near 
200  cm  .  An  effect  of  a  quadru- 
polar  deformability  of  the 
Sm-ion  has  been  detected  neither 
in  the  Raman  spectra  nor  in  the 
phonon  dispersion  curves.  The 
effect  of  such  a  deformability 
would  lead  to  the  spectrum  repre¬ 
sented  by  thin  lines  in  the  lo¬ 
wer  part  of  Fig.  6.  A  qualitative 
analysis  of  the  r  25  contribution 
near  60cm  1  shows  that  it  is  con¬ 
sistent  with  S-S  interactions. 

The  most  interesting  spectrum 
is  of  course  the  mixed  valent 

(Fig.  7)  which  is 


27 


Sm0.75Y0.25S 
clearly  dominated  by  the  promi¬ 
nent  r+ 


-1 


^  scattering  intensity  near 
The  results  of  the  calculat- 


245  cm  and  the  weaker  one  near  85cm 
tion  (shaded  curve)  show  that  these  structures  are  caused  by  the  brea¬ 
thing  deformability  of  the  Sm-ions. 

From  our  lattice  dynamical’  analysis  we  expect  a  strong  r.  defor- 

27 

mability  of  S  in  YS.  The  Raman  scattering  data  confirm  this  inter¬ 
pretation  (Fig.  8) .  The  intensity  near  210cm  1  arises  from  second  or¬ 
der  acoustic  phonon  scattering  which  is  not  included  in  our  calcula¬ 
tions. 

28 

Our  analysis  of  TIN  shows  that  the  Raman  spectrum  is  made  out 
of  two  nearly  equal  contributions  from  the  breathing  and  quadrupolar 
def ormabilities  at  the  N  site  which  are  represented  in  Fig.  9  by  sha¬ 
ded  spectra  enclosed  by  full  and  dashed  lines,  respectively.  This  is 
again  in  agreement  with  the  analysis  of  the  phonon  dispersion  curves 
where  the  LA(L)  and  TA(L)  anomalies  indicate  r*  and r  ^  deformabili- 
ties  of  the  N  ions,  respectively.  TIN  belongs  to  the  group  of  transi¬ 
tion  swtal  compounds  for  which  detailed  microscopic  studies  have  been 

carried  out30  32 .  TiN  shows  dynamical  Ti(d  )-N(2p)  hybridization, 

xy 

which  leads  to  periodic  charge  fluctuations  between  the  open  d-  and  p- 


.  .  4*'  ;>  ' 


WWE  NUMBER  (cnr'l  VWME  NUMBER  tcnr’) 

27  27 

Fig.  7.  Polarized  Raman  spectra  of  Fig. 8.  Polarized  Raman  spectrum  of 

SBq  75*0  25s*  *otati°n  as  in  Fig.  6.  XS.  Rotation  as  in  Fig.  6. 

•jj  r«  300K  |  shells  of  Ti  and  N,  respectively.  The 

H  symmetry  of  purely  radial  charge  de- 

t  I  \y»v  formations  of  the  (pdir) -overlap  leads, 

5 3 "  S  in  a  first  approximation,  to  equal 

z }  d|  \  strength  of  the  breathing  and  the  qua¬ 
ff  JjBJL  \  dru polar  deforraability  of  the  N  site, 

b’*  ' — \_  In  YS  the  pd  coupling  is  less  effecti- 

“  — ve  and  largely  replaced  by  d  -d 

Miirmm  f*»-n  excitations  which  lead  to  a  breathing 

Fig.  9.  Raman  spectrum  of  TiR0  deformation  only.  In  Sm^  j^q  2ss 

the  local  symmetry  of  the  Sm  site 

imposed  by  the  Y  impurities  is  consistent  with  radial  r*  and  de¬ 
formations  but  incompatible  with  the  quadrupolar  symmetry,  which 
has  neither  been  observed  in  the  Raman  nor  in  the  phonon  spectra. 

IV.  Summary  and  Conclusions.-  We  have  shown  that  the  phonon  dispersion 
curves,  the  phonon  line  width  and  the  Raman  spectra  of  a  variety 
of  materials  ranging  from  semiconductors  to  superconducting  transition 
metal  compounds  and  including  the  mixed  valent  compounds  can  be  des¬ 
cribed  successfully  in  terms  of  deformabilities  of  breathing,  dipolar 
and  quadrupolar  symmetry. 


WWE  NUMBER  lenr’i 

Fig.  9.  Raman  spectrum  of  TiRQ  ^ . 
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PHONON  AND  ELASTIC  ANOMALIES  IN  INTERMEDIATE  VALENT  TmxSe  AND 
TnSe^_yTey 


M.  Celio,  R.  Monnier  and  P.  Hachter 

Laboratorium  fUr  Festkbrperphysik ,  ETH  Zurich,  8092  Zurich,  Switzerland. 


Abstract.-  In  TmxSe  and  TmSei_yTey  the  degree  of  valence  mixing 
can  be  adjusted  between  nearly  3+  for  Tmg.g?5®  and  2.55+  for 
TmSeo.7Teg3.  The  sound  velocity  vL  decreases  with  increasing 
degree  of  valence  mixing  and  the  elastic  constant  Cii  becomes 
negative.  The  first  order  Raman  spectrum  shows  an  additional  peak 
at  60  cm--*-  for  strong  valence  mixing  and  a  softening  of  the  LO  (L) 
frequency.  The  experiments  are  compared  with  the  calculation  of 
an  8  parameter  shell  model  resulting  in  projected  density  of 
phonon  states. 


| 
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TmSe  is  one  of  the  most  interesting  intermediate  valent  (IV)  materials 
in  as  much  as  it  is  IV  at  ambient  pressure  and  its  degree  of  valence  mix¬ 
ing  can  be  adjusted  by  composition  (Itt^Se1')  or  by  alloying  with  other 
ions2' .  Thus  the  valence  as  determined  by  the  lattice  constant  is 
nearly  3+  for  Tmg  87Se  and  2.55+  for  TmSeg^Teg^  ^  .  On  these  composi¬ 
tions  we  have  performed  Raman  scattering ,  ultrasound  velocity  and  elas¬ 
tic  measurements  4' .  In  these  rocksalt  type  structures  the  Raman  effect 
measures  a  defect  induced  weighted  one  phonon  density  of  states  ■*) which 
is  displayed  in  Fig.  la  for  4  different  compositions  of  TnixSe.The  curve 


Fig. la:  Raman  spectra 
of  trivalent  Tmg_87Se 
and  intermediate 
valent  TmxSe. 

Fig,  lb:  Contribution 
of  the  anomalous  peak 
at  60  cm-1  to  the 
scattering  intensity, 
computed  by  substrac- 
tion  of  the  trivalent 
spectra. 
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for  the  trivalent  x=0,87  at  the  bottom  of  Fig. la  is  identical  to  other 
trivalent  selenides  like  GdSe  or  LaSe  and  corresponds  to  TA  and  LA 
phonon  densities  in  the  low  energy  range  and  TO  and  LO  densities 
for  the  higher  energy  peaks  ^ .  As  one  increases  the  degree  of  valence 
mixing,  x->-1.05,  a  significant  peak  at  60  cm~^  is  emerging  within  the 
acoustic  region  which  is  shown  in  more  detail  in  Fig. lb.  Also  with  in¬ 
creasing  valence  mixing  the  high  energy  edge  of  the  LO  band  softens 
and  merges  with  the  TO  band.  This  softening  of  the  LO  band  between  a 
Tmg+87Se  and  a  hypothetical  Tm2+Se,  but  a  real  Yb2+Se,  is  shown  in  more 
detail  in  Fig.  2,  where  for  comparison  also  the  much  smaller  softening 
of  the  trivalent  series  Tm„+__Se  -  LaSe  "ue  to  the  lanthanide  contrac- 
tion  is  displayed. 

The  sound  velocities  v_ ,v  ,  and  v  -have  also  been  measured  and  the 

Xj  t  J.  T  a  ^  j 

elastic  constants  c.,,  c,-  and  c,,  have  been  derived  .  With  increas- 
±1  ±z  44  i- 

ing  valence  mixing  v_  reduces  from  3.48-10  cm/s ec  for  TmA  a-Se  to 

r  L»  0  •  o  / 

2.56*10  cm/sec  for  Tmn  --Se.  At  the  same  time  c._  becomes  negative, 
ii  u.sa 

going  from  2.1*10  erg/cm  to  -  5.7*10  erg/cm  ,  respectively. 

~S  -  V* 

As  a  consequence  the  compressibility  rises  from  1.46*10  bar  x  for 
Tn»0  87Se  to  4.61*10  6bar-1  for  TmQ  ggSe.  These  elastic  anomalies  per¬ 
sist  down  to  4.2  K. 


A  softening  of  LO(L)-  and  LA(A)phonons  with  increasing  degree  of  va¬ 
lence  mixing  has  been  predicted  already  ^  and  is  well  born  out  by  the 


experiment  (see  above) .  The  negative  c^2  for  IV  TmSe  has  a  dominant 
effect  for  vT|lll|  which  becomes  even  less  than  v„|lll|,  forcing  the  LA 

L  1 

branch  below  the  TA  branch.  Since  no 


softening  of  the  LA(L)  is  expected6^ 
a  qualitative  LA | 111 | dispersion  has 
been  constructed  which  indicates  far 
the  anomalous  Raman  peak  at  60  cm  1 
mainly  a  density  of  states  effect^ . 
A  different  point  of  view  has  been 
taken  7^by  assuming  that  the  elec¬ 
tron-phonon  matrix  elements  of  the 
r*  breathing  mode  enhance  the  Raman 
intensity  of  those  parts  of  the  pho¬ 
non  dispersion  curves  which  soften 


for  IV. 


Pig. 2:  Peak  position  of  the  LO 
band  of  Tra  Se,  Gd  Se  and  LaSe. 
Stars:  u>loTL)  in  shell  model  cal¬ 
culation. 


We  have  calculated  the  phonon  spec¬ 
trum  of  IV  TmSe  by  using  an  8  para- 


l 
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Fig.  3;  Phonon  density  (B)  and  projected  r. 
density  of  states  (A)  of  IV  TmSe. 


meter  shell  model  with 
deformable  ions.  The  dy¬ 
namical  matrix  D(q)  is 

D(i)=  DRI(i)+Dshell  (5) 

w  +D(je^<q)  with  Dri  the 

point  charge  rigid  ion 

matrix,  D  ,  , .  the  ma- 

'  shell 

trix  for  a  simple  shell 

£  model  and  D.  ,  accoun- 
def 

ting  for  the  breathing 

“  10  FREQUENCY  t.is“r?5  ,-)  ^  50  °f  the  T®  100  and 

Fig.  3:  Phonon  density  (B)  and  projected  T+  a  q^upolar  deforma- 
density  of  states  (A)  of  IV  TmSe.  bility  (T^)  of  the  Se 

ion.  The  parameters  were  adjusted  using  the  lattice  constant,  c. . ,  c. , 

4)  8)  'Li 

and  c44  and  ioTO  and  o)LQ  at  the  V  and  L  points  .  The  continuum  cha¬ 
racter  of  the  5d  electrons  is  reflected  in  a  high  polarizability  of  the 
Tm  ions.  However,  density  functional  results  for  the  charge  distribution 
around  a  trivalent  impurity  in  an  electron  gas  at  the  corresponding 
density  indicate  that  the  induced  charge  is  too  localized  to  effective¬ 
ly  screen  out  the  long  range  Coulomb  interaction  between  the  ions, 

thereby  justifying  the  use  of  a  shell  model  for  the  description  of  that 

8 ) 

system.  The  measured  dispersion  curves  are  reasonably  well  reprodu¬ 
ced  by  our  model  in  the  | 100 |  and  |110|  direction,  but  essential  diffe¬ 
rences  appear  in  the  |lll|  direction,  where  the  life  time  broadening 
of  the  longitudinal  modes  is  especially  large.  In  Fig.  3  we  show  the 
one  phonon  density  of  states  (B)  which  should  be  compared  with  the 

experimental  curve  of  Fig.  la  for  Tm.  nSe.  Very  good  agreement  is  ob- 

*  ^  + 

tained.  In  Fig.  3  (A)  we  also  display  the  projected  density  of 
states  which  is  not  very  pronounced  at  the  experimentally  determined 
60  cm  1  peak,  which  thus  is  mainly  due  to  a  density  of  states  effect 
from  flat  regions  in  the  phonon  dispersion  along  | 100 |  and  |110|  near  X 
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PHONON  SOFTENING  IN  INTERMEDIATE  VALENT  SmB6 


I.  Morke  and  P.  Wachter 

Laboratorium  fttr  Feeik&vperphysik,  ETH  Zurich,  8095  Zurich,  Switzerland 


Abstract. -  We  have  measured  the  Raman  spectrum  of  a  SmBg  single 
crystal  and  compared  it  to  LaBg  and  EuB, .  Beside  the  three  high 
energy  Raman  active  phonons  weround  additional  excitations  in 
these  compounds.  Most  prominent  is  a  peak  at  172  cm-  far  SmBg, 
214  cm  for  LaBg  and  220  cm  for  EuB..  The  spectra  are  ana¬ 
lysed  in  terms  of  defect  induced  phonon  scattering.  The  soften¬ 
ing  of  the  line  in  intermediate  valent  (IV)  SmB.  is  explained 
in  analogy  with  the  phonon  anomalies  found  in  other  IV  com¬ 
pounds. 


SmBg  is  of  special  interest  among  the  rare  earth  hexaborides  because 
the  Sm  ion  has  a  non  Integer  valence  of  2,6.  To  examine  the  influence 
of  intermediate  valence  (IV)  on  the  first  order,  forbidden  Raman  scat 
tering,  we  have  remeasured  the  spectra  of  a  SmBg  single  crystal  and 
compared  it  to  LaB,  and  EuB..  The  hexaborides  crystallize  in  the 


i 

CaBg  structure  of  space  group  Oh 
(Pm 3m) .  For  this  structure  there 
are  three  Raman  active  phonon  mo¬ 
des  of  Alg,  E  and  symmetry. 
Beside  these  three  modes  our  meas¬ 
urements  show  additional  shoulders 
in  both  spectra.  The  most  promi¬ 
nent  structure  is  a  peak  at 
172  cm-1  for  SmBg,  and  214  cm-1 
for  LaBg  (Fig.l).  The  absence  of 
magnetic  ordering  in  SmBg  and  LaBg 
and  of  electronic  excitations,  in 
LaBg  (the  ground  state  of  La3*  is 
^So)  is  the  reason  why  we  are 
going  to  interpret  this  part  of 
the  spectra  in  terms  of  phonon 
scattering  only.  The  selection 


I 


Fig.l  Room  temperature  Raman 
Spectrum  of  SmBg  and  LaBg  single 
crystals.  J 
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rules  for  Raman  scattering  may  be  lifted  by  crystal  defects.  This 

effect  yields  a  weighted  phonon  density  of  states  in  the  spectra  (1) . 

The  peaX  at  172  cm  ^  in  IV  SmB,  is  of  special  interest  because  it  is 
-1  6 

about  40  cm  softer  than  the  corresponding  excitation  in  metallic 

LaBg.  The  frequencies  of  the  Raman  active  modes  of  the  other  MBg  are 

in  semiconducting  compounds  always  higher  than  in  the  metallic  sam- 

2+ 

pies  (2).  This  is  confirmed  on  a  Eu  B ,  powder  sample  which  shows  a 

-1  6 

weak  broad  excitation  at  220  cm  .  Furthermore  a  softening  of  the 
bulk  modulus  has  been  observed  in  SmBg.  B=139  GPa,  191  GPa  and 
157  GPa  for  SmBg,  LaBg  and  EuBg ,  respectively  (3). 

Softening  of  zone  boundary  phonons  and  of  the  bulk  modulus  are 
the  striking  effects  caused  by  the  electron  phonon  interaction  in 
IV  compounds  (4) .  In  IV  compounds  with  NaCl  structure  the  phonons 
mostly  affected  by  the  coupling  to  the  RE  ion  are  those  where  planes 
of  anions  move  against  planes  containing  only  the  IV  ions  (5) .  Such 
a  vibration  is  expected  at  the  X-point  in  the  CaBg  structure.  The 
symmetry  of  normal  modes  at  this  point  is  (we  put  the  origin  of  the 
coordinate  system  in  the  center  of  the  boron  octahedron) : 

3Alg  +  A2g  +  Blg  +  B2g  +  3Eg  +  2A2u  +  B2u  +  3Eu 

The  compatibility  relations  are  given  in  Fig.  2.  The  two  modes  of  A2u 
symmetry  are  those  where  planes  of  B  ions  move  in  [lOOj  direction 
against  planes  of  Sm  ions  (Fig.  3). 

Although  it  is  not  possible  on  the  basis  of  the  Raman  scattering 
experiment  alone  to  be  sure  that 

the  observed  low  frequency  line  „ 

Tpoint  dpoint  Xpolnl 

coincides  with  either  of  these  A2u 

modes,  there  are  some  important  RIg  ’  R1  V  '  Rl9 

arguments  which  favour  such  an  in-  ^  .A^  ..  h2b 

terpretation .  One  is  by  taking  a  / /  B 

suitable  linear  combination  of  both  10  ''V3S«/  2  \\ 

r*9  *' 

FJu  i 
F- 


A2U  modes,  one  can  deal  with  the 
movement  of  the  center  of  gravity 
of  the  whole  Bg  octahedron.  Com¬ 
paring  the  mass  of  Bg  with  that  of 
a  single  boron  atom,  one  may  expect 
this  vibration  to  have  a  low 
frequency.  A  further  argument  is 


dpo  i  nt 


Xpo 1 nt 


llg - 

.  R,  - - 

- Rl9 

’9 

-jl  Bl 

/  n29 

l9  ‘*0 

2  9  'Y3 
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lu 

7^.  b2  At 

V’ 

2u  ' 

\V  *- 

V  ®2u 

deduced  directly  from  the  compati-  Flq.  2  compatibility  relations  for 
bility  relations  (Pig. 2).  A  mode  different  symetry  points 


*>V-  .  1  V- 
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Fig. 3.  Normal  modes  of  the  two  A2umodes  of  SmBg  at  the  x-point. 

of  A2u  symmetry  at  the  X-point  may  be  either  of  A.^  or  E^  or  F^u 

symmetry  at  the  r -point.  The  r-A^  has  the  highest  frequency  in  the 

hexaborides  of  about  1300  cm  *.  One  would  not  expect  this  mode  to  be 

of  the  order  of  200  cm  at  the  zone  boundary.  The  same  argument  holds 

for  the  T-E  mode.  If  one  looks  at  the  F.  modes,  one  of  which  is  the 
g  lu 

acoustical,  one  finds  two  vibrational  modes  showing  exactly  the  same 
I  atom  displacements  as  for  the  two  A2u  modes.  The  only  difference  is 

j  that  at  the  r -point  all  unit  cells  move  in  phase  whereas  at  the  X-point 

neighboring  planes  of  unit  cells  in  X  direction  move  in  antiphase.  The 
F^^  mode  is  expected  to  be  of  lower  frequency  than  the  mode. 

The  softening  of  the  low  frequency  line  is  thus  tentatively  explained 
in  terms  of  a  Raman  inactive  LO  (X)  mode  which  couples  most  strongly 
to  the  volume  fluctuations. 
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PHONONS  IN  AMORPHOUS  MATERIALS 


M.F.  Thorpe 

Physics  Department ,  Michigan  State  University,  East  Lansing,  MI  48824,  U.S.A. 


Abstract. -  A  brief  review  is  given  of  phonons  in  amorphous  mate¬ 
rials  as  seen  in  Raman  scattering,  infrared  absorption  and  in¬ 
elastic  neutron  scattering.  It  is  shown  that  phonons  (i.e. 
quantised  harmonic  vibrations)  are  well  defined  in  network 
structures  and  a  description  is  given  of  the  standard  theoretical 
technique  which  is  to  build  a  finite  model  and  then  use  one  of 
a  number  of  numerical  techniques  to  obtain  the  eigenvalue  spec¬ 
trum  of  the  dynamical  matrix.  Particular  emphasis  is  given  to 
newer  theoretical  techniques  that  do  not  require  the  building 
of  a  model.  The  results  are  illustrated  with  reference  to  ex¬ 
periments  in  elemental  semiconductors  like  Si  and  Ge  and  two 
component  glasses  like  SK^,  GeS2,  etc. 


1.  Introduction. -  The  vibrational  spectra  of  amorphous  solids  and 
glasses  have  been  extensively  studied  particularly  in  the  last  decade. 
The  principle  experimental  techniques  used  are  inelastic  neutron  scat¬ 
tering,  Raman  scattering  and  infra-red  absorption.  Although  there  is 
no  one  theoretical  approach  that  can  explain  all  aspects  of  these 
vibrational  spectra,  the  main  features  are  now  understood.  However, 
many  significant  details  remain  to  be  put  in  place. 

We  will  try  to  briefly  review  the  most  important  theoretical 
techniques  that  are  available  to  calculate  the  phonon  spectra  of  glass¬ 
es.  The  results  are  illustrated  mainly  with  a.  Si  and  a.  Si02  on  which 
most  work  has  been  done.  More  exotic  types  of  glasses  have  also  been 
studied  but  less  theoretical  progress  has  been  made  on  these. 

2.  Model  Building  and  Numerical  Methods.-  The  standard  and  most  success¬ 
ful  calculations  of  phonon  spectra  have  involved  numerical  methods  on 
particular  models.  It  is  of  course  essential  to  know  the  structure  of 

a  glass  before  proceding  to  calculate  the  vibrational  spectrum. 

The  earliest  of  these  models  were  hand  built  ball  and  stick  models 
of  a.  SlOj^).  These  were  based  on  the  known  local  bonding  arrangements 
and  typically  contained  *  300  atoms  in  a  roughly  spherical  cluster. 

Bell  end  Dean ^  used  these  models  to  set  up  a  dynamical  matrix  using 
the  Bora  model  which  has  nearest  neighbor  central  and  non-central 
forces.  The  eigenvalue  spectrin  was  obtained  as  a  histogram  using  the 
negative  eigenvalue  theorem. 


C6-20 


JOURNAL  DE  PHYSIQUE 


In  figure  1  we  show  a  recent  comparison  between  theory  and  an 
inelastic  neutron  scattering  experiment*^  for  Si02 .  The  experiment 
is  done  at  large  wave  vector  transfer  so  that  essentially  the  density 


Fig  1  :  A  comparison*^*  between  ex¬ 
periment  and  theory  for  inelastic 
neutron  scattering  in  a.  SiO-.  [Adapted 
from  reference  3.J 

of  states  is  measured.  This  has  the  disadvantage  that  the  multiphonon 

background  has  to  be  subtracted.  This  is  indicated  in  the  figure  by 
tn\ 

the  dashed  line'  ' .  The  theory  is  the  density  of  states  weighted  by 
the  appropriate  neutron  scattering  lengths  for  Si  and  0.  The  agree¬ 
ment  overall  is  impressive. 

Similar  calculations'  '  have  been  performed  for  the  Raman  and  I.R. 
spectra.  Again  reasonablely  good  agreement  is  obtained.  However,  the 
matrix  elements  are  difficult  to  put  in  as  they  are  not  simple  as  in 
neutron  scattering.  Usually  some  local  bond  polarisabrlities  are  in¬ 
troduced  which  have  the  correct  symmerry.  This  introduces  a  major 
theoretical  uncertainty  that  is  not  present  in  inelastic  neutron 
scattering. 

Similar  work  has  also  been  done  on  a.  Si.  Hand  built  models  have 
been  constructed  by  many  groups.  While  the  hand  construction  fixes 
the  topology  of  the  network,  the  positions  of  the  atoms  can  be  refined 
by  relaxing  according  to  a  suitably  chosen  potential. *^*  The  equation 
of  motion  method  has  been  used  by  Alben  and  collaborators  to  determine 
all  quantities  of  interest  [density  of  states,  Raman  scatting,  I.R. 
absorption  and  the  neutron  scattering  law  S(<$,u) ] .  The  method  tracks 
the  bahavior  of  the  displacements  with  time  and  then  Fourier  trans¬ 
forms.  It  can  be  used  in  any  harmonic  system  that  is  disordered.  Good 
overall  agreement  is  achieved  between  theory  and  experiment  using  this 
method*4* • *6* . 

The  negative  eigenvalue  theorem  was  used  to  construct  histograms 
for  the  density  of  states**-*  for  Si02  type  glasses.  To  calculate  other 
quantities,  sample  eigenvectors  must  be  obtained.  This  method  could 
also  be  applied  to  a.  Si  as  could  the  equation  of  motion  method  be 
applied  to  Si02  type  glasses.  It  is  an  accident  of  history  that  this 


i 


S3** 


*** * 
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has  not  happened. 

It  is  particularly  difficult  to  calculate  the  I.R.  absorption 
in  elemental  glasses  because  there  is  no  I.R.  absorption  in  the 
corresponding  crystal  usually.  A  new  mechanism  must  be  invoked.  Two 
have  been  suggested;  dipole  moments  associated  with  three  near  neigh¬ 
bor  atoms ^  or  fluctuating  dynamic  charges  on  all  the  atoms. 

Direct  diagonalisation  of  the  dynamical  matrix  for  a  finite  model 
is  now  rarely  used  as  it  is  inefficient. 

These  numerical  techniques  may  be  regarded  as  providing  a  solu¬ 
tion  to  the  problem  -  although  some  effects  such  as  those  produced 
by  the  long  range  Coulomb  forces  have  yet  to  be  included.  However, 
they  do  not  often  provide  a  great  deal  of  insight  and  calculations 
must  be  repeated  every  time  a  change  is  made  in  the  model  -  such  as 
increasing  the  local  distortions  or  changing  the  masses.  For  this 
reason,  more  analytic  approaches  are  now  being  persued. 

3.  Beyond  Numerical  Methods.-  Some  progress  has  been  made  in  two 

O 

directions.  The  phonon  spectrum  of  a  Bethe  lattice  can  be  obtained 
using  Born  forces  for  a.  Si.  This  shows  many  features  in  common  with 
the  density  of  states  of  crystalline  Si  although  the  van  Hone  singl- 
arities  and  some  other  features  are  absent,  (see  fig.  2) 


Fig.  2  :  Showing  the  density  of  states 
tor  crystalline  Si  in  the  diamond 
structure  (solid  line)  and  the  Bethe 
lattice  (dashed  line) .  [From  reference 
8.] 


This  or  other  Bethe  lattices  can  be  tied  onto  small  pieces  of 
network  and  used  as  a  convenient  boundary  condition  in  the  "Cluster  - 
Bethe  -  lattice"  method.  This  avoids  the  large  effects  that  the  free 
surfaces  of  small  clusters  can  produce.  A  review  of  this  method  con¬ 
tains  many  of  the  results  obtained  to  date^.  Good  agreement  with 
experiment  is  obtained  in  many  cases. 

The  other  approach  is  to  keep  only  the  central  forces  and  complete¬ 
ly  neglect  the  non-central  forces.  This  is  not  an  unreasonable  starting 
point  as  the  non-central  forces  are  typically  only  *20X  of  the  nearest 
neighbor  central  force.  Within  this  scheme  the  problem  is  essentially 


C6-22 


JOURNAL  DE  PHYSIQUE 


g 

soluble  and  very  simple  expressions  are  obtained  for  the  positions 

and  widths  of  the  main  peaks  in  the  density  of  states.  These  are 

particularly  valuable  when  the  network  is  modified  in  some  simple  way. 
18  16 

For  example  0  can  be  substituted  for  0  and  the  Raman  spectra  of 
the  two  glasses  compared.^  It  may  be  possible  eventually  to  include 
non-central  forces  and  Goulomb  forces  in  this  model  using  perturba¬ 
tion  theory. 

4.  Future  Prospects.  Although  many  Raman  and  I.R.  experiments  have 
been  performed  on  many  glasses  whose  structure  is  known,  progress  has 
been  hampered  by  the  absence  of  a  good  knowledge  of  the  optical  matrix 
elements.  Recent  work  by  Martin  and  Galeener^^  has  shown  that  these 
matrix  element  effects  are  extremely  important  and  can  produce  peaks 
in  the  optical  spectra  where  non  exist  in  the  density  of  states 
(see  figure  3) . 


Fig.  3  :  Showing  the  Raman  scattering, 
density  of  states  in  the  central  force 
model,  and  measured  weighted  density  of 
states  from  neutron  scattering.  [Repro¬ 
duced  from  ref.  11.] 


The  clearest  measurements  to  interpret  theoretically  are  from 
Inelastic  neutron  scattering.  However,  the  measurements  at  large  Q 
have  problems  with  multiphonon  scattering.  It  may  be  that  measurements 
at  smaller  Q  will  give  the  most  information.  These  can  be  obtained 
theoretically  using  the  equation  of  motion  technique. 
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VIBRATIONAL  SELECTION  RULES  IN  DISORDERED  SOLIDS  :  VITREOUS  Ge02 


F.L.  Galeener 

Xerox  Palo  Alto  Research  Centers,  Palo  Alto,  CA  94304,  U.S.A. 


Abstract.  Empirical  selection  rules  observed  in  the  Raman  and  infrared  spectra  of 
vitreous  germania  are  noted.  Those  for  polarized  Raman  scattering  are  discussed 
in  more  detail,  and  are  generalized  to  apply  to  glasses  with  different  local  order. 


1.  Observations  in  Vitreous  GeQ->.  -  Fig.  1(a)  shows  the  reduced  polarized  Raman 
spectra  of  vitreous  (v-)  GeOj/  The  dominant  feature  is  the  highly-polarized  Raman  line 
(R)  at  420  cm'1.  Fig.  1(b)  is  a  schematic  diagram  of  the  vibrational  density  of  states 
(VDOS)  for  this  material  calculated  by  the  method  described  by  Galeener,2  using  the 
central  forces  (CF)  only  continuous  random  network  (CRN)  model  of  Sen  and  Thorpe.2 
According  to  this  analysis,2  R  is  to  be  associated  with  the  single  state  Wj  at  the  low 
frequency  band  edge  in  Fig.  1(b).  Thus  the  dominant  Raman  line  is  interpreted  ae  the 
result  of  very  strong  Raman  scattering  by  a  small  number  of  select  states  of  motion  in  the 
glass. 

This  inference  is  supported  by  data  of  Galeener,  Lead  better  and  Strtngfetlow/ 
reproduced  in  Fig.  2.  Fig.  2(a)  is  the  reduced  neutron  spectrum  G(Q,W)  obtained  from 
inelastic  neutron  scattering  measurements.  Upon  subtraction  of  the  estimated  2-phonon 
contribution  (dashed  line),  this  quantity  is  a  good  experimental  measure  of  the  VDOS. 
(The  lines  at  about  125, 470  and  1230  cm'1  are  thought  to  be  spurious.2)  This  VDOS  is  to 
be  compared  with  the  reduced  polarized  Raman  spectra,  l^fW)  in  Fig.  2(b),  and  the 
transverse  infrared  response,  W*2(W),  in  Fig.  2(c).  The  vertical  solid  lines  are  drawn 
through  peaks  seen  In  ^(W),  W*2(W)  and  -  Im  (W/t)  [the  infrared  energy  loss  spectrum, 
not  shown*].  As  predicted,  R  lies  not  at  a  peak  in  the  VDOS  but  at  the  low  frequency 
edge  of  the  band  of  states  centered  at  -550  cm'1.  This  indicates  the  existence  of  a  highly 
frequency-dependent  matrix  element,  contradicting  the  prediction  of  Shuker  and 
Gammon,5  and  supporting  the  arguments  of  Galeener  and  Sen.5  It  also  provides 
additional  confidence  in  the  predictive  utility  of  the  simple  CF  CRN  model. 

Note  that  additional  selection  rule  information  can  be  found  in  Fig.  2.  The  dominant 
polarized  Raman  Una  R  is  not  seen  in  the  VDOS,  nor  is  It  seen  in  W«2  or  -  Im  (W/«) 
[indicating  infrared  inactivity].  The  polarized  Raman  spectra  give  much  of  the  information 
to  be  found  in  the  neutron  and  k  spectra.  All  the  peaks  in  the  VDOS,  Wc2  and  -  Im  (W/t) 
are  seen  in  the  HV  Raman  spectrum  alone.  The  HH  spectrum  clearly  selects  certain 
additional  modes  for  observation,  Including  D,  a  defect  of  uncertain  origin.7 
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Ftp.  1:  The  polarized  Raman  spectra7 
of  v-QeOj  compared  with  the 

schematic  vibrational  density  of  states 
computed  according  to  Ref.  2.  The 
dominant  Raman  line  is  associated 
with  the  SS  motion  in  the  state  at  Wj. 
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Fig.  2:  Comparison*  of  the  neutron 
determined  vibrational  density  of 
states  (a)  with  the  polarized  Raman 
spectra  (d)  and  the  infrared  dielectric 
constant  spectra  (c)  of  v-GeOj. 
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•how  Ramen  activity. 
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Rg.  4:  Symmetric  stretch  (SS)  motions 
of  atoms  at  kites  of  simple  symmetry  In 
a  glass.  Theee  motions  are  expected 
to  give  polarized  Reman  activity. 
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2.  Raman  Activity.  -  The  strong  Raman  activity  of  the  symmetric  stretch  (SS)  motion  at 
W1  is  easily  understood,  as  is  the  reported2  inactivity  of  the  antisymmetric  stretch  (AS) 
motion  at  W2  (the  other  low  frequency  band  edge  in  the  CF  CRN  model).  The  atomic 
motions2  in  W2  and  Wj  are  shown  in  column  A  of  Figs.  3(a)  and  (b),  respectively. 
Following  Long,8  the  basic  rule  is  that  Raman  activity  is  allowed  if  at  least  one  component 
of  the  derived  polarizability  tensor  a'(0)  =  (3a/3u)0  is  non-zero,  where  a  is  the  polarizability 
of  the  unit  u  is  the  normal  coordinate  of  vibration,  and  0  indicates  evaluation  at  the 
equilibrium  position,  u-0.  For  the  normal  modes  at  W2  and  Wj,  the  relevant  unit  is  the 
oxygen  atom  moving  in  special  relation  to  its  two  immobile  nearest  neighbor  Ge  atoms, 
again  as  depicted  in  column  A  of  Figs.  3(a)  and  (b),  respectively.  The  polarizability  of  the 
unit  is  taken  to  be  the  sum  (1  +  2)  of  separate  contributions  (1  and  2)  due  to  the  position 
of  the  oxygen  atom  relative  to  Ge  atoms  1  and  2,  respectively.  The  variation  with  uAS  (and 
uss)  is  shown  schematically  >n  column  B  of  Fig.  3.  It  is  clear  from  Fig.  3(a)  that  the  AS 
motion  necessarily  produces  .in  a  which  is  even  in  uAS.  Thus,  as  shown  in  column  C, 
o'(0)-0  and  AS  motion  is  Raman  inactive.  On  the  contrary.  Fig.  3(b)  shows  that  SS 
motion  produces  an  a  which  is  not  even  in  u^,  sc  that  o'(0)*0  and  Raman  activity  is 
expected.  (Using  a  bond  polarizability  model,  Martin  and  Galeener9  have  shown  that 
polarized  Raman  activity  is  zero  at  a/f  frequencies  of  the  CF  CRN  model  for  AX2  glasses 
except  at  W^)  The  present  argument  supports  the  inference  that  strong  polarized  Raman 
activity  arises  when  like  bonds  are  stretched  identically  and  in  phase  with  one  another. 

This  idea  is  easily  generalized  to  include  the  motions  of  atoms  which  are  1-,  2-,  3-  and 
4-connected  in  the  glass  network,  as  depicted  schematically  in  Fig.  4.  The  motions  U& 
shown  are  the  SS  motions  of  these  atoms  since  they  result  in  in-phase  identical  stretching 
of  the  bonds.  Motion  at  right  angles  to  u$s  gives  no  polarized  Raman  scattering  because 
«'«0  or,  alternatively,  because  this  motion  results  in  out-of-phase  bond  stretching  for 
which  the  Raman  shifted  radiation  interferes  destructively.  Thus,  one  should  first  look  to 
SS  motions  like  those  shown  in  Fig.  4,  in  attempts  to  assign  the  origin  of  strong  polarized 
Raman  lines  seen  in  disordered  solids,  not  to  wagging  or  rocking  motions. 
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THE  VIBRATIONAL  SPECTRA  OF  CRYSTALLINE  AND  AMORPHOUS  PHOSPHOROUS 
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Abstract.-  Inelastic  neutron  scattering  measurements  are  reported  on  polycrys¬ 
talline  orthorhombic  black  phosphorous  (o-black  P)  and  on  amorphous  red  phos¬ 
phorous  (a-red  P) .  The  a-red  P  results  indicate  that  the  vibrational  density 
of  states  is  composed  of  three  distinct  spectral  bands,  with  gaps  or  pseudo¬ 
gaps  separating  these  regions.  While  the  high  frequency  phonon  band  of  o-black 
P  occurs  near  to  that  of  a-red  P,  considerable  differences  exist  at  lower 
frequencies.  In  particular  the  lowest  band  in  a-red  P  is  less  structured  and 
shows  a  strong  shift  towards  smaller  energies  i.e.  a  pronounced  softening  of 
the  lower  part  of  the  a-red  spectrum  is  displayed.  The  vibrational  densities 
of  states  have  been  employed  to  determine  the  lattice  specific  heats  and 
Debye  temperatures. 


1 .  Introduction.  -  The  structure  of  semiconducting  black  P  is  orthorhombic  with  lat¬ 
tice  parameters  of  a  ■  4.3763  X,  b  «  10.478  X  and  c  »  3.3136  X  with  four  atoms  per 
unit  cell.  Black  P  has  a  typical  layer  structure  with  a  large  ratio  of  next  neigh¬ 
bour  interlayer  to  intralayer  distances  of  1 .61 .  This  suggests  a  pronounced  two  di¬ 
mensional  character  of  this  compound. 

The  semiconducting  a-red  P  has  only  been  poorly  studied  and  its  physical  proper¬ 
ties  are  relatively  unexplored.  Raman  scattering  and  infrared  absorption  experiments 
/!/  indicate  that  the  structure  of  a-red  P  is  appreciably  correlated  beyond  nearest 
neighbours  rather  than  being  build  up  from  simple  isolated  structural  units  and  it 
was  suggested  that  there  exists  a  more  local  layer-like  atomic  arrangement . 

2.  Experiment.-  To  help  clarify  some  of  these  interesting  properties  of  both  P  modi¬ 
fications  we  have  performed  inelastic  neutron  scattering  experiments  at  TOF  II,  a 

multi  detector  time-of-f light  spectrometer  at  the  research  reactor  FR2  in  Karlsruhe. 

3 

The  incident  neutron  energy  was  S  meV.  60  He  -detectors  covered  scattering  angles 
between  80  and  166  degrees.  The  experiments  were  carried  out  at  room  temperature. 

X-ray  and  neutron  diffraction  measurements  characterised  a-red  P  to  be  totally 
amorphous  and  o-black  P  as  single  phase  orthorhombic. 

3.  Results  and  discussion.-  the  vibrational  densities  of  states  F(ftu)  for  both  modi¬ 
fications  were  deduced  from  the  scattering  data  and  partially  corrected  for  resolu¬ 
tion  of  the  spectrometer.  Fig.  1  shows  the  phonon  density  of  states  for  o-black  P. 
The  very  structured  spectrum  can  be  divided  into  two  spectral  bands: 
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(i)  A  lower  part  with  four  sharp  peaks  at  10.5,  16.5,  25.5  and  32.5  meV  which 
together  make  up  about  50Z  of  the  modes  in  F(flw). 

(ii)  An  energetically  higher  lying  part  which  has  a  maximum  around  55  meV  and  is 
separated  from  the  lower  band  by  a  gap  at  around  39  meV. 

For  this  upper  part  of  the  spectrum  the  resolution  of  our  spectrometer  is  rather  poor 
so  that  any  detailed  structure  cannot  be  registered.  The  broken  line  in  Fig.  1  shows 
the  second  order  Raman  spectrum  of  o-black  P  from  /2/  at  300K.  It  coincides  nicely 
with  the  position  of  our  higher  optical  modes  and  reveals  a  number  of  peaks.  The  dif¬ 
ference  in  width,  however,  cannot  solely  be  explained  by  difference  in  resolution. 


hwImeV] 

Zit_!  :  Phonon  density  of  states  of  or-  Fig.  2:  Vibrational'  density  of  states  of 
thorhombic  black  phosphorous.  Second  or-  amorphous  red  phosphorous.  Infrared  ab- 
der  Raman  spectrum  -  -  -  from  /2/  sorption  -  -  -  from  / 1 / 

Fig.  2  shows  the  vibrational  density  of  states  of  a-red  P.  The  spectrum  is  composed 
of  three  distinct  spectral  bands  with  gaps  or  pseudogaps  separating  these  regions: 

(i)  About  one  quarter  of  the  modes  of  F(flw)  make  up  the  low  frequency  part  of 
the  spectrum.  It  has  two  peaks  at  7  and  11.5  meV  and  shows  a  pronounced 
shift  towards  smaller  frequencies  in  comparison  to  o-black  P  thus  opening 
a  gap  where  the  crystalline  phase  displays  a  considerable  overlap. 

(ii)  A  second  quarter  of  modes  in  F(fiu)  is  given  by  the  middle  spectral  band 

which  has  a  shoulder  at  26  meV  and  a  peak  at  33  meV.  For  them  we  find  cor¬ 
responding  peaks  in  the  o-black  modification. 

(iii)  The  higher  optical  modes  are  separated  by  a  gap  at  40.5  meV  and  contribute 
about  50Z  of  the  modes  in  F(ftu) .  Roth  gap  and  peak  position  are  practically 
identical  **ith  the  ones  found  in  o-black  P. 

The  broken  line  in  Fig.  2  gives  the  infrared  sbsorption,  a(u>)  from  Ref.  /2 /  for  a-red 
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P.  The  gap  at  20  meV,  the  maxima  in  the  middle  part  of  the  spectrum  and  the  center 
of  the  high  frequency  band  correspond  well  with  the  neutron  data.  Again  the  resolu¬ 
tion  for  the  higher  optical  modes  of  the  neutron  scattering  experiments  is  not  good 
enough  to  show  details  in  this  region  while  the  low  lying  part  of  the  spectrum  can¬ 
not  be  detected  by  infrared  absorption. 

The  comparison  of  F(tfw)  for  both  modifications  implies  that  simple  phenomeno¬ 
logical  broadening  of  F(ftu>)  for  the  crystalline  material  does  not  yield  a  good  re¬ 
presentation  for  the  noncrystalline  counter  part,  as  it  occurs  in  group  4  semicon¬ 
ductors. 


Fig.  3  :  Lattice  specific  heats  for  Fig.  4  :  The  Debye  temperature  Gp  for  or- 

orthorhombic  black  and  amorphous  red  thorhombic  black  and  amorphous  red  phos- 
phosphorous  phorous 

From  the  phonon  densities  of  states  we  calculated  the  lattice  specific  heats 
which  are  shown  in  a  log  versus  T  plot  in  Fig.  3.  The  o-black  P  curve  is  in  good 
agreement  with  the  experimental  values  of  Paukov  13/  after  his  data  had  been 

transformed  into  C  -data  via  the  Nernst-Lindemann  formalism  .  Similar  to  some  other 

v  2 
layer  lattice  structures  a-red  P  shows  a  region  where  Cy  ~  T  holds  which  is  consist¬ 
ent  with  the  low  effective  dimensionality  of  this  system  as  proposed  by  / 1/. 

In  Fig.  4  we  compare  the  Q^CT)  versus  T  curves  deduced  from  F(ha>)  with  values 
calculated  from  direct  measured  specific  heat  data.  The  softening  of  the  vibrational 
spectrum  of  a-red  P  for  small  energy  transfers  leads  to  considerably  smaller  Gp-val- 
ues  than  o-black  P  at  low  temperatures  whereas  both  modif ications  are  practically 
identical  above  200K.  Considering  the  sensitivity  of  this  comparison  the  agreement 
with  Gp-values  determined  from  directly  measured  specific  heat  data  for  o-black  P 
/3 /  is  excellent.  A  comparison  for  a-red  P  is  only  possible  for  300K  from  a  C^-value 
of  /4/  since  to  our  knowledge  other  measurements  do  no  exist. 

References :  /l /  B.V.  Shanabrook  and  J.S.  Lannin,  Proc.  of  the  14th  Int.  Conf.  Phye. 
of  Semiconductors,  Edinburgh  <1978) 

III  J.S.  Lannin  and  B.V.  Shanabrook,  Proc.  of  the  14th  Int.  Conf .  Phys. 
of  Semiconductors,  Edinburgh  (1978) 

IV  K.  Paukov,  Zh.  Piz.  Khim  43  (1969) 

/4/  K.A.  Gschneidner,  Jr.,  Solid  State  Phys.  ]£  (1964) 
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TIME-RESOLVED  PHONON  SPECTROSCOPY  OF  AMORPHOUS  As2S3 


U.  Strom,  P.B.  Klein,  K.  Weiser  and  S.A.  Wolf 

Naval  Research  Laboratory,  Washington,  D.C.  20375 ,  U.S.A. 


Abstract.-  Phonon  pulses  which  were  optically  Induced  in  thin  evaporated  films 
of  amorphous  As.S,  have  been  studied  with  a  superconducting  NbN  bolometer.  The 
observed  ballistic  and  diffusive  heat  propagation  provides  a  measure  of  the 
phonon  mean  free  path  (m.f.p.).  The  results  are  related  to  the  microscopic 
structural  order  of  the  chalcogenide  glass  as  evidenced  from  previous  optical 
and  structural  studies. 


The  present  experiment  examines  phonons  which  ere  Induced  optically  in  thin 
evaporated  films  of  the  chalcogenide  glass  Aa^S^.  The  glass  films  are  deposited  on 
one  side  of  a  1  am  thick  sapphire  disk.  A  NbN  superconducting  bolometer1  (1  ms  x 
1  am)  deposited  on  the  other  side  of  the  disk  serves  as  a  phonon  detector.  The  time 
resolution  of  the  experimental  system  was  determined  by  measuring  the  ballistic 
phonon  response  Induced  optically  In  a  200X  thick  NbN  metallic  film.  The  bolometer 
response  for  an  8nsec  Incident  optical  pulse  of  X*  5796X  with  total  energy  of 
3.5xl0-*  joule/pulee  la  shown  In  Fig.  1.  Further  details  of  the  bolometer  can  be 
found  In  Ref.  1. 


Fig.  1.  Bolometer  response  for  optically  heated 
NbN  metal  film.  Spike  near  t-O  due  to  direct 
bolometer  heating  by  partially  transmitted  laser 
pulse.  Bolometer  response  time  estimated  to  be 
less  than  10~lu  sec  (see  Ref.  1).  Delayed  pulses 
represent  ballistic  TA  and  LA  phonons  propagating 
through  l  am  thick  sapphire. 

The  bolometer  response  for  a  photo-excited  As^  film  of  thickness  d~1.8  pm  Is 

shown  In  Figs.  2  end  3.  (Note:  the  film  deposition  conditions  were  nearly  identical 

2  3 

to  those  used  la  previous  optical  and  structural  studlea.  )  For  light  with  wave¬ 
length  A  -  488 2^  we  find  that  the  product  of  absorption  coefficient  a  and  film  thick¬ 
ness  d  is  ed  — 0.7.  This  value  of  ad  typifies  the  glass  after  photoderkanlng,*’* 
i.e.  the  thermally  reversible  photo-induced  band  edge  shift  which  Is  on  the  order  of 
0,1  ef  toward  the  red.  None  of  the  phonon  perameters  discussed  in  this  paper  were 
affected  by  reversible  photodarhaulng.  As  seen  in  Figs.  2  and  3,  heat  propagation  In 
amorphous  Aa^S^  at  T  -  11. SR  is  predominantly  diffusive.  The  ballistic  components 
at  0.1  and  0.2  Msec  are  not  due  to  phonon  propagation  across  the  entire  width  of  the 
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Fig.  2.  Bolometer  response  for  optically 
heated  As.S,  film.  Ballistic  pulses  as 
in  Fig.  1.  JPeak  at  0.35-«sec  due  to 
reflection  fro**  bolometer  electrode. 


Fig.  3.  Long  time  bolometer  response 
due  to  diffusive  phonon  transport  in 


film,  but  are  due  to  phonon  generation  by  the  partially  transmitted  light  In  the 
region  of  the  glass  film  closest  to  the  sapphire  substrate.  The  ratio  of  the  Inte¬ 
grated  ballistic  to  diffusive  phonon  signals  yields  the  phonon  m.f.p.A  In  amorphous 
As  S,.  The  ntaiber  of  ballistic  phonons  1-  ~  a.\e  ,  whereas  the  number  of  diffusive 
phonons  Is  given  by  ID  —  l~e'  .  Since  A«Kd  we  obtain  to  a  very  good  approxima¬ 
tion  for  the  ratio  of  ballistic  to  diffusive  phonon  production  RnIB/lD«aA/(e“i-l) . 

He  have  measured  R  and  a  for  laser  wavelengths  X  from  477lX  to  504oX.  The  values  of 
ad  ranged  from  ad  -  1.29  at  .V»  477lX  to  ad  -  0.26  at  X«  5040X.  The  values  of  A 
obtained  with  these  results  were  A  =  140±3oX  (for  d  -  1,8  /»■).  In  an  slternate 
geometry, light  was  Incident  through  the  semitransparent  bolometer.  For  X  -  400oX 
light,  a  «*<  l.gxlO^csT1.  From  the  measured  value  of  R  *  0.2  we  deduce  A  »16oX.  We 
conclude  that  A  is  essentially  independent  of  exciting  light  wavelengths  between  4000 
and  50O0i.  This  suggests  that  the  thermal Isa t Ion  time  of  the  majority  of  the  opti¬ 
cally  excited  electron  hole  pairs  Is  faster  than  the  present  10~7  sec  time  resolution 
In  Fig.  4  various  measurements  of  A  for  glassy  and  510^  are  compared.  The 

lower  two  curves  represent  A(T)«3K/C v^,  where  the  thermal  conductivity  K,  specific 

heat  C  and  Debye  sound  velocity  vn  we  obtained  from  low  temperature  thermal  measure- 
6  7  u 

ments.  *  The  upper  curve  in  Fig.  4  Is  the  phonon  m.f.p.  at  7MK  as  a  function  of 
phonon  frequency  fp,  measured  for  SiO^  by  Dletsche  and  Kinder*  using  monochromatic 
phonon  generation  techniques.  Temperature  and  frequency  scales  are  related  by  hf^- 
3kT.  As  seen  In  Fig.  4,  A  obtained  from  thermal  measurements  Is  generally  smaller 
by  a  factor  of  3-5  than  A  obtained  with  the  other  two  methods  shown  la  Fig.  4.  The 

ceuse  for  this  difference  cannot  be  addressed  here.  Ha  will  rather  speculate  on  the 

-2  9 

nature  of  the  scattering  which  gives  rise  to  the  A~f  frequency  dependence 
observed  between  fp-100  and  300  G8s  in  S10j,  with  rtilch  our  result  In  ASjSj  st  11. 5K, 
or  st  the  equivalent  phonon  energy  of  ~700  GSs,  Is  consistent. 

The  strong  frequency  dependent  scattering  above  fp'-lOC  GHs  has  been  attributed 
variously  to  structural  Irregularities,9  phonons,10  or  tunneling  modes.9  Rone  of 
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Fig.  4.  Phonon  mean  free  path  In  glassy  S10-, 
A82S3  and  an  evaporated  ASjSj  film. 


these  can  be  completely  excluded.  The  Importance 
of  considering  the  local  glass  structure  Is 
stressed  here.  There  exists  considerable  evidence 
for  remnants  of  "crystal-1 Ike"  or  medium-range 
order  In  the  glass.  Specific  evidence  for  medium- 


range  order  in  As.S.  was  obtained  from  two-phonon 


vibrational^  and  nuclear  quadrupole  resonance 


studies. 


11,12 


Additional  Information  comes  from 


far  Infrared  absorption  measurements  In  glasses. 


13 


where  correlation  lengths  £~1C>X  for  As^  and  ~20X 


TEMPERATURE  ( K ) 


for  SlOj  can  be  defined.  Such  correlation  lengths 
represent  an  average  spacing  between  static  or 


dynamic  charges  In  the  glass  and  can  be  a  direct 
14 


consequence  of  medium-range  order.  Recently  Phillips  "  has  further  advanced  the  con¬ 
cept  of  medium-range  order  with  specific  topological  proposals.  Rlbbon-llke  poly¬ 
meric  structures  (rafts)  proposed  for  As^Sj  do  Indeed  exhibit  a  dominant  width  of 

Phonon  scattering  would  deviate  from  Raylelgh-type 


~10X  which  Is  comparable  to  t , 
15  ,_,-4 


scattering  (~f  for  spheres)  for  phonon  frequencies  f >v  /2 wt.  For  /-loX  and 

5-1  0 

Vj.«  1.7  xlO  cm/ sec  this  yields  f  >300  GHs.  More  detailed  estimates  will  be  compll- 

U  0 

cated  by  Inelastic  processes  as  well  as  the  high  anisotropy  of  the  scattering  struc¬ 


tures  . 
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LOW- TEMPERATURE  ACOUSTICAL  PROPERTIES  OF  Na  DOPED  B-A1203 

J.-Y.  Prieur,  P.  Doussineau,  C.  Frenois,  A.  Levelut  and  R.G.  Leisure* 

Laboratoire  d’Ultrasons,  University  'Pierre  et  Marie  Curie ,  Tour  IS,  4  place 
Jussieu,  76230  Paris  Cedex  OS,  France 

*  Department  of  Physics,  Colorado  State  University,  Fort  Collins,  Colorado  80623, 
U.S.A. 


Abstract.  -  He  measured  the  attenuation  and  velocity  variations  of  ultrasonic 
waves,  propagating  parallel  to  t  ie  conduction  plans  in  a  Sodium  doped  6  Alumi¬ 
na  crystal.  The  three  pure  modes  have  been  used.  The  results  are  well  explain¬ 
ed  in  the  framework  of  the  "two  level  system"  (TLS)  theory  developed  for 
amorphous  compounds  for  all  the  temperature  range  studied  (T  <  70  K).  In  the 
lowest  range  of  temperature  we  observed  the  logarithmic  variation  of  the  velo¬ 
city  (T  <  5  K).  Then  for  15  <  T  <  70  K,  we  observed  a  linear  variation  of  the 
velocity  and  a  plateau  for  the  attenuation  variation,  the  height  of  which 
increases  as  the  first  power  of  the  frequency.  We  clearly  identified  this 
plateau  with  the  one  which  was  theoretically  predicted  for  the  part  of  the 
sound  attenuation  due  to  the  relaxation  of  the  TLS  and  which  is  a  direct  proof 
of  the  distribution  of  the  coupling  constant  for  TLS  of  given  energy.  However 
we  show  that  the  relaxation  of  the  TLS  involved  the  direct  process  for  T  <  10K 
and  the  Raman  process  for  T  >  15  K.  The  consideraction  of  the  Raman  process 
and  of  the  elastic  anharmonicity  let  us  explain  the  velocity  variations  in  all 
the  temperature  range  studied.  [1] 


[lj  Amorphous-like  acoustical  properties  of  Ha  doped  f5-Al203  . 

P.  DOUSSINEAU,  C.  FRENOIS,  R.  0.  LEISURE,  A.  LEVELUT  and  J.-Y.  PRIEUR 
J.  Physique  41  (1980)  1193-1211. 
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VIBRATIONAL  DENSITY  OF  STATES  OF  AMORPHOUS  AND  CRYSTALLINE  LIQUID 
CRYSTAL  SUBSTANCES 

A.V.  Bielushkin,  I.  Natkaniec",  V.K.  Dolganov*  and  E.F.  Sheka* 

Joint  Institute^for  Nuclear  Research,  141980,  Dubna,  USSR 

*  Institute  of  Solid  State  Physics,  Acad,  of  Sciences  of  the  USSR,  142432 

Chemogo  lovka,  USSR 

Abstract .  -  We  have  measured  by  the  TOP  neutron  spectroscopy  method  the  am¬ 
plitude-weighted  frequency  distribution  function  of  the  glassy  and  crystalline 
phases  of  the  EBB A,  MBBA  and  PAA  compounds.  Evident  changes  in  the  vibratio¬ 
nal  density  of  states  in  the  frequency  range  up  to  300  cm--*  are  observed  when 
passing  from  the  amorphous  to  ordered  crystalline  phases.  The  partly  deutera- 
ted  d^-PAA  spectrum  have  shown  that  these  vibrations  are  due  to  translational 
and  librational  motions  of  the  whole  molecule  and  due  to  low  frequency  oscil¬ 
lations  of  the  end  groups  of  the  molecule. 

Liquid  crystal  (LC)  substances  dependent  on  their  thermal  history  may  form  different 
solid  modifications.  The  PAA,  MBBA  and  EBBA  compounds  are  the  moat  frequently  studied 
LC  substances  and  they  are  known  to  have  different  polimorphic  crystalline  phases, 
see  ref. (1-3)  and  refs  therein  .  By  the  fast  cooling  of  the  aeaophase  of  these  sub¬ 
stances  a  glassy  state  (GLC)  is  formed.  The  X-ray  and  neutron  diffraction  methods  as 

(2-6) 

well  aa  optical  spectroscopy  ones  were  used  to  investigate  the bo  GLC  materials 
It  has  been  shown  that  the  molecular  structure  and  order  parameter  of  the  GLC  are  simi¬ 
lar  as  in  the  nematic  phase  of  LC.  The  GLC  state  is  metastable  at  low  temperatures  and 
may  be  transformed  into  the  ordered  crystalline  phases  without  the  melting  of  the 
substance.  This  transformation  can  be  stopped  by  the  lowering  of  the  temperature. 

So,  any  intermediate  partly  ordered  state  may  be  studied.  Since  the  GLC  systems  exist 
at  low  temperatures,  where  the  anharmonic  effects  and  multiphonon  scattering  proces¬ 
ses  are  strongly  reduced,  they  are  more  suitable  for  dynamical  studies,  than  LC  sys¬ 
tems.  Here  we  present  the  amplitude-weighted  frequency  distribution  function  (£ ) ^ 

of  the  GLC  and  crystalline  states  of  the  most  popular  LC  substances. 

The  inelastic  incoherent  neutron  scattering  (IINS)  spectra  have  been  measured 
using  the  KDSOG  inverted  geometry  time-of-flight  spectrometer  at  the  IBM  pulsed  re¬ 
actor  of  the  JINti  Uubne' ^ .  The  samples  of  EBBA,  MBBA  and  PAA  were  poured  in  the 
aluminum  containers  of  about  O.B  mm  thick  and  with  the  180  x  160  mm  rectangular  cross 
section.  The  GLC  phases  were  produced  by  the  dip  in  liquid  nitrogen  of  the  container 
placed  at  the  bottom  of  the  helium  cryostat.  The  IINS  spectra  have  been  measured  at 
5  K  at  seven  scattering  angles  from  30°  to  150°  every  20°  simultaneously.  Recently 
some  of  the  IINS  spectra  from  the  MBBA  sample  were  published^. 

The  measured  IINS  spectra  have  been  transformed  into  the  G^(€)  function  accor¬ 
ding  to  the  one-phonon  incoherent  scattering  cross  section  formula.  Such  approxima¬ 
tion  is  justified  by  the  fact  that  IINS  spectra  of  molecular  crystals  below  300  cm'* 

"Permanent  address  :  Institute  of  Nuclear  Physics,  31-342  Krakow,  Poland 


The  resolution  function  of 


measured  at  5  K  agree  well  with  calculated  ones^’^ 
the  KDSOG  spectrometer  in  the  mentioned  frequency  range  does  not  disturb  significant¬ 
ly  the  G,,(£)  function.  The  singularities  of  this  function  correspond  to  those  of  the 
"  (10-12) 

function  of  phonon  density  of  states'  .  So,  we  believe  that  the  spectra  pre¬ 

sented  here  reflect  the  behaviour  of  the  vibrational  density  of  states  in  different 
phases  of  the  LC  substances. 


Fig.l:  The  hydrogen-amplitude 
weighted  density  of  states 
Gh(£)  functions  obtained 
from  the  HNS  spectra  of  dif¬ 
ferent  solid  modifications 
of  the  MBBA  (p-methoxybenzy- 
lidene  p,  n  -  butylaniline) 
compound. 

A  is  the  GLC  sample  obtained 
from  the  isotropic  liquid  by 
the  fast  cooling. 

B  is  the  GLC  sample  obtained 
from  the  nematic  LC  phase  by 
the  fast  cooling. 

C  and  D  are  the  stable  and 
metastable  crystalline  modi¬ 
fications,  respectively  (see 
refs.  1  and  3). 

£  is  the  neutron  energy 
transfer  in  cm-i  . 

Horizontal  bars  correspond  to 
the  FWHM  of  the  resolution 
function  of  the  KDSOG  spec¬ 
trometer. 


The  G^(£)  functions  of  the  MBGA  and  CBBA  compounds  are  shown  in  Figs.l  and  2, 
respectively.  One  can  see  that  the  transition  from  the  GLC  structure  to  crystalline 
order  does  not  change  significantly  the  GH(£ )  functions.  Thus  the  large  changes  in 
vibrational  spectra  of  the  different  solid  modifications  measured  by  the  optical 
spectroscopy  methods are  due  to  the  loss  of  spatial  coherency  of  vibrations  and 
not  to  significant  changes  of  the  vibrational  density  of  states. 


Fiq.2:  The  Gf|(£)  functions  of  the 
lS&A  (p-ethoxybenzylidene  p,n  - 
butylaniline)  compound! 

A  is  the  GLC  sample  obtained 
from  the  nematic  LC  phase  by 
the  fast  cooling. 

B  is  the  stable  crystalline  phase 
(see  ref.J). 


C6-36 


JOURNAL  DE  PHYSIQUE 


Fig.  3.t  The  (l.(£ )  functions  of 
the  PAA  (p-azoxyanizo  le)  compo- 
und: 

A  is  the  sample  obtained  from 
the  nematic  LC  phase  of  the  nor¬ 
mal  d  -PAA  (CH,-PAA)  by  the  fast 
cooling. 

B  is  the  stable  crystalline 
sample  of  the  d  -PAA  and  part¬ 
ly  deuterated  d°-PAA  (CDj-PAA). 

The  PAA  spectra  will  be  discus¬ 
sed  in  detail  in  the  separate 
publication  by  A.V.Bielushkin, 
E.L.Bokhenkov,  A. I. Kolesnikov, 

l.Natkaniec,  E.F.Sheka  and 
S. Urban. 


The  essential  changes  of  G^(£ )  after  the  transition  to  the  crystalline  state 
occur  in  low  frequency  region  (£  ^  300  cm-*).  Vibrational  density  of  states  of  the 
GLC  substances  seems  to  be  a  linear  function  of  frequency  at  £-•  0.  In  Fig. 1  the 
slope  of  this  function  fitted  to  the  spectrum  of  the  sample  cooled  from  isotropic 
liquid  is  compared  with  the  spectra  of  other  solid  modifications.  The  distinct  maxi¬ 
ma  in  the  spectra  of  crystalline  samples  at  the  £  >  100  cm-*  should  correspond  to  the 
internal  molecular  vibrations.  These  low  frequency  bands  undergo  a  considerable  broa¬ 
dening  when  passing  to  the  GLC  state. 

The  comparison  of  the  spectra  of  normal  and  partly  deuterated  samples  of  crys¬ 
talline  PAA  (see  Fig. 3)  show  us  that  the  lattice  vibrations  of  this  substance  cut¬ 
off  at  about  140  cm-*.  The  internal  vibrations  of  this  molecule  in  the  frequency 
range  below  300  cm-*  belong  mainly  to  the  oscillations  of  the  end-CH-j  groups.  We  ho¬ 
pe  that  the  study  of  the  TINS  spectra  of  partly  deuterated  LC  substances  will  help 
in  the  assignment  of  these  oscillations  and  will  serve  to  the  better  understanding 
of  molecular  conformations  in  different  modifications  of  these  substances. 
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ULTRASONIC  ABSORPTION  AND  DISPERSION  IN  AMORPHOUS  SUPERCONDUCTORS 
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Fraunhofer- Institute,  6600  Saarbrlloken,  F.R.G. 
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Like  disordered  Insulators,  amorphous  metals  contain  tunnelling  centers  (TLS)  which 
dominate  their  low-temperature  properties.  This  has  been  shown  mainly  by  ultrasonic 
experiments  /l/.  In  contrast  to  amorphous  insulators,  tunnelling  centers  In  a-metals 
relax  very  rapidly  due  to  their  coupling  to  electrons  111.  It  Is  obvious,  that  this 
coupling  could  be  verified  In  amorphous  superconductors. 

The  effect  of  superconductivity  on  the  acoustic  properties  of  a-metals  has  been  cal¬ 
culated  recently  /3/.  For  Instance,  the  absorption  of  ultrasound  Is  predicted  to 
drop  rapidly  for  T  <  Tc  relative  to  the  value  In  the  normal  state.  The  origin  of 
this  effect  Is  explained  In  the  following  way:  the  acoustic  wave  perturbs  the  popu¬ 
lation  difference  of  the  TLS  and  therefore  gives  rise  to  a  relaxatlonal  process.  In 
the  normal  state  the  relaxation  time  Tj  of  the  TLS  Is  extremely  short  because  of  the 
strong  coupling  between  TLS  and  electrons.  Due  to  the  pair  condensation  for  electrons 
this  relaxation  channel  disappears  In  the  superconducting  state:  Tj  becomes  longer 
and  the  resulting  attenuation  Is  modified  greatly. 

In  order  to  verify  these  predictions,  an  experiment  has  been  carried  out  on  a-PdZr 
alloy  (Tc  ■  2.62  K),  using  longitudinal  waves  of  frequencies  u^2ir  *  .74  GH2  and 
1.3  GHz  /4/.  As  expected,  at  very  low  temperatures  (T  *  .4  K)  the  relaxation  attenua¬ 
tion  becomes  very  small  and  magnetic-field  dependent  up  to  field  strengths  of  the 
order  of  Hcj.  Increasing  the  temperature,  the  attenuation  rises  rapidly  and  reaches 
the  normal  state  value  at  a  temperature  Tn  which,  surprisingly,  turned  out  to  be  much 
lower  than  Tc  (Fig.  1).  Here,  we  present  an  explanation  of  this  unexpected  behavior. 
Me  show  that  It  Is  necessary  to  take  Into  account  not  only  the  relaxation  of  the  TLS 
by  thermally  excited  quasi-particles  still  present  at  T  <TC,  but  also  the  relaxation 
of  the  TLS  by  thermal  phonons.  Moreover,  it  is  necessary  to  Involve  a  stronger  TLS 
electron  coupling  than  previously  assumed.  Furthermore,  we  corroborated  these  Ideas 
by  carrying  out  an  experiment  In  a-CwZr  with  a  low  Tc  (■  .4  K),  such  that  the  role 
of  phonons  becomes  almost  negligible. 

Our  explanation  of  the  experiments  In  PdZr  Is  based  on  the  following  hypotheses: 
a)  When  the  relaxation  of  the  TLS  caused  by  the  electrons  Is  dominant  (H  >Hc2),  the 
relaxation  rate  becomes  so  strong  that  even  at  the  lowest  temperatures  (  .4  K) 
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the  condition  uT^1  «  1  holds  and  the 
attenuation  Is  then  weakly  temperature- 
dependent.  This  Is  a  consequence  of 
the  distribution  function  of  relaxation 
times  P(t)  Inherent  In  the  tunnelling 
model,  and  Is  the  fastest  relaxation 
time  of  this  distribution, 
b)  Nhen  the  relaxation  of  the  TLS  by  elec¬ 
trons  Is  suppressed  (H  •  0,  T  <  Tc), 
the  contribution  of  the  thermal  phonons 
to  the  relaxation  rate  becomes  noticeable. 
At  the  lowest  temperatures  It  manifests 
Itself  by  a  ^-dependence  of  the  attenua- 


Flg.  1:  Ultrasonic  absorption  In  PdZr 


tlon.  Indicating  that  as  In  Insulators  the  one-phonon  process  dominates  /5/. 
c)  At  T  >1.5  K  the  relaxation  rate  even  without  any  applied  field  Is  so  strong  that 
ul^  «  1  holds  and  a  plateau  is  obtained  for  the  attenuation. 


We  have  carried  out  numerical  calculations  trttlch  can  be  found  In  detail  In  /6 /.  For 
the  calculation  of  the  relaxation  attenuation  we  use  the  following  equation  /3/: 


Here  N  Is  the  nuUber  of  TLS  per  unit  volume  and  energy,  p  Is  the  density  of  the  mate¬ 
rial,  v  Is  the  sound  velocity,  (kT)  ,  YIs  the  deformation  potential  between  TLS 
and  phonons.  ZE  Is  the  level  splitting  of  the  TLS.  Similarly,  the  relative  change 
of  the  sound  velocity  Is  given  by: 

AWv  -  -  f  dfftE)  s*ch*(fej 

In  Eqs  (1,2)  the  relaxation  rate  Tj*1s  now  determined  by  two  mechanisms: 

I)  by  electrons  (-<T)  and  for  T<TC  by  quasi-partJ  es  (essentially  -<exp{-Tc/T)  and 

II)  by  phonons  (*<T*)  /5 /.  Assuming  YwO.8  eV  and  a  rather  strong  coupling  of  PVjl* 

0.8  between  electron  and  TLS,  we  calculate  the  solid  lines  In  Fig.  1  which  agree  very 
well  with  the  experimental  curves.  Having  a  closer  look  to  the  behavior  of  the  ab¬ 
sorption  In  the  vicinity  of  Tc,  we  can  say  that  It  Is  In  particular  the  strong  coup¬ 
ling  of  the  TLS  to  electrons  which  dominates  the  relaxation  mechanism  at  Tc,  although 
the  phonons  still  contribute.  Because  uT^  already  «  1,  the  relaxation  absorption 
exhibits  a  plateau,  whatever  the  relaxation  process  might  be  /S,6/. 


_ dr  PM 

uw*r  *{E,T) 


We  have  alae  calculated  the  relative  variation  of  the  velocity  of  sound  as  a  function 
of  temperature  (Cq.(t)) ,  using  the  parameters  deduced  from  the  fit  of  the  attenuation 
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(Eq.(l)).  We  added  the  contribution  due  to  resonant 
Interaction  of  the  TLS  with  phonons,  which  varies 
as  C  In  (T/TQ).  Tq  Is  a  reference  temperature. 

The  result  is  that  at  T£  the  velocity  should  show  a 
change  of  slope  in  contrast  to  behavior  of  the  ab¬ 
sorption.  This  can  easily  be  explained.  Provided 
ul^  «  1,  the  Inner  Integral  In  Eg.  (2)  results  In 
1n(u>  T^(E  ,T))  /6/.  Therefore  the  relaxation  rate  is 
still  explicitly  present  In  the  velocity  through 
T^,  which  of  course  contains  the  rapid  change  of  Tj1 
caused  by  the  electrons  at  T  ,  and  the  change  of 
slope  depends  on  the  relative  weight  of  the  phonon 
and  electron  processes.  In  order  to  verify  this,  we 
have  carried  out  an  experiment  In  the  amorphous  super¬ 
conductor  CUggZr^Q  with  a  Tc  *  0.4  K  (transverse  waves 
w/2n*  740  MHz).  As  can  be  seen  In  Fig.  2,  only  the 
familiar  logarithmic  contribution  (  -<  C  In  (T/T0)  due 
to  the  resonant  process  plays  a  role  below  200  mK.  With  Increasing  T,  however,  the 
contribution  of  the  relaxation  process  becomes  noticeable.  Because  T^  changes  rapid¬ 
ly  with  T,  and  also  because  the  relaxation  process  decreases  the  sound  velocity  with 
Increasing  T,  the  total  change  of  velocity  passes  through  a  maximum  and  then  de¬ 
creases  with  Increasing  T.  For  T  >  Tc,  however,  T^  only  contains  the  weak  temperature 
dependence  due  to  normal  electrons.  Then,  at  temperatures  for  which  wT*  «  1  holds, 
dv/v  Is  given  by  -  C/2  In  (T/TQ).  Adding  the  contribution  due  to  resonant  Interac¬ 
tion  which  Is  still  present,  this  results  In  a  positive  slope  of  exactly  one  half  of 
Its  magnitude  at  low  temperatures,  which  we  Indeed  observe  experimentally. 

In  sumary  we  have  shown  experimentally  and  theoretically  that  tunnelling  centers 
In  an  amorphous  superconductor  do  couple  to  electrons  as  originally  proposed  /3/. 


Fig.  2:  dv/v  in  CuZr, 

solid  line:  theory 
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ENTROPY  OF  DISORDERED  SOLIDS  AT  LOW  TEMPERATURES 


R.  Zeyher  and  R.  Dandoloff 

Masc-Planok-Institut  flip  Fe s tktirperforschung,  7000  Stuttgart  80,  F.R.G. 


Abstract. -  It  is  shown  that  the  complete  set  of  low-lying  collec¬ 
tive  excitations  in  a  disordered  solid  yields  in  general  a  lead¬ 
ing  term  <*TJ/  in  the  entropy  and  the  specific  heat  at  low  tem¬ 
peratures  . 

Omitting  electronic  degrees  of  freedom  the  Hamiltonian  of  a  solid 
has  the  form 

N  „ 2 

H  =y^  P  (x)  +  V(u{1), - ,u{N))  (1) 

2  M(A) 

The  index  A  counts  the  N  atoms  and  M ( A )  is  the  mass  of  the  atom  A  . 
u ( A)  denotes  the  displacement  of  the  atom  A  from  its  rest  position 
S(o)(A),  p(A)  are  the  corresponding  momenta  and  V  is  a  general  poten¬ 
tial.  Eq.  (1)  assumes  implicitly  that  the  u's  are  finite  and  there¬ 
fore  that  no  mass  transport  is  possible.  As  a  result  Eq.  (1)  cannot 
describe  for  instance  an  ionic  conductor  at  high  temperatures.  At  low 
temperatures  all  the  atoms  of  a  solid  however  can  be  assumed  to  be 
localized  (  in  an  "ideal"  ionic  conductor  for  instance  the  atoms  are 
localized  because  of  Anderson  localization  caused  by  unavoidable 
small  fluctuations  in  the  periodic  potential  and  the  large  mass) .  The 
Hamiltonian  (1)  is  therefore  quite  general  for  the  discussion  of  low 
temperature  properties.  It  includes  in  particular  cases  where  no  har¬ 
monic  approximation  exists  or  where  the  density  of  lattice  sites  and 
the  density  of  particles  must  be  considered  as  independent  variables. 

The  Hamiltonian  of  Eq.  (1)  has  several  branches  of  collective, 
low-lying  excitations  caused  by  conservation  laws  and  broken  symme¬ 
tries:  a)  The  Fourier  transform  of  the  momentum  density  p(£)  is  con¬ 
served  in  the  limit  £-»o?  b)  The  introduction  of  rest  positions 
x(o) (A)  breaks  the  translational  symmetry  which  is  restored  again  by 
the  displacement  variables  u(it)  in  the  limit  )c-»oj  c)  The  energy  densi¬ 
ty  e(£)  is  conserved  for  ic-*-o;  d)  Assuming  an  one-component  solid  the 
total  mass  density  n  (it)  is  conserved  for  k~*-o. 
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As  a  result  of  a)  and  b)  there  are  three  branches  of  propagating 

2 

sound  waves  with  linear  dispersion  and  imaginary  part  «k  .  At  low  tem¬ 
peratures  they  yield  a  contribution  to  the  entropy  which  is  the 
usual  Debye  law.  As  a  result  of  c)  solids  exhibit  a  collective  diffu¬ 
sion  mode  describing  the  dissipation  of  entropy.  This  mode  has  a  weight 
2 

«a  (T) ,  where  a  is  the  thermal  expansion  coefficient.  If  the  third 
law  of  thermodynamics  is  valid,  ^ga=  o  and  the  corresponding  contri¬ 
bution  to  S  is  unimportant  at  low  temperatures.  Ref.  1  assumes  ^g 
a(T)  +:  o.  It  follows  then  from  general  thermodynamic  arguments  that 
S  «  T.  However  we  can  show  that  under  rather  general  assumptions  this 
case  will  not  occur  in  real  solids  s8ewill  discard  it  in  the  following, 
d)  yields  (  for  an  one-component  solid)  an  additional  diffusion  peak 
which  describes  structural  rearrangments  of  the  atoms  and  has  been 
discussed  in  Refs.  2  and  3.  Assuming  that  the  corresponding  suscepti¬ 
bilities  and  the  transport  coefficient  is  nonzero  at  low  temperatures 
we  calculate  in  the  following  the  contribution  of  this  diffusion  mode 
to  S  at  low  temperatures. 

The  leading  term  in  the  entropy  at  low  temperatures  can  be  calcula¬ 
ted  from  the  relation  (kB=*n=1)^ 


,T)  =  /  dx  xex 

J  *  (ex-1 )  ‘ 


A  (xT  ,V)  , 


A  (oo  ,V)  = 


•EZ 

A, a  *  A, 3 


Im  Gag(X, A*  ,u>+in)  Re(G^(Xf , \,u)+in) )  + 


+  Ini  ln(  ~Gaa  (A,  A,u>+in) )  j 


G  a  (A,  A  ’  ,oj+iri)  is  the  retarded  Green's  function  associated  with  the 
displacements  ua(A)  and  Ug(A).  The  inverse  G  is  to  be  taken  with 
respect  to  the  labels  (Act,A'0),  In  is  the  logarithm  and  Im  the  imagi¬ 
nary  part.  It  is  also  understood  that  the  spectral  functions  of  G  are 
to  be  taken  in  the  limit  T+o  so  that  the  T-dependence  is  due  to  the 
first  argument  of  A  ir  Eq. (2) . 

Eg.  (2)  shows  that  the  small  T  behavior  of  S  is  determined  by  the 
small  w  behavior  of  A.  Assuming  that  only  the  long-range  spatial  part 
of  G  is  important  (  this  assumption  cah  be  verified  later)  it  is  possi¬ 
ble  to  use  for  G  in  Eq.  (3)  only  its  "hydrodynamic  part".  If  the  third 
law  of  thermodynamics  holds  the  energy  fluctuations  can  moreover  be 
omitted  at  low  temperatures.  The  interesting  longitudinal  part  of  G 
assumes  then  the  form  in  k- space: 
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z  +  iDk2 

G(k,z)  =  - = - = — = - 5-  (4) 

z  -zkz(o1+a2)+tDk  (z^-a2kz) 

anda2  are  static  susceptibiliites:  \fa^  and  V^+a^  describe  the 
bare  and  the  renormalized  sound  velocity,  respectively.  D  is  the  trans¬ 
port  coefficient  associated  with  the  extra  mode. 

Transforming  Eg.  (3)  into  k- space  and  inserting  Eq.  (4)  the  k-inte- 
gration  can  be  carried  out  in  the  complex  plane.  The  leading  contribu¬ 
tion  AS  to  S  is  for  a1<<a2: 


AS 


-^-C(5/2)V 

384 


t3/2 


(5) 


where  c,  is  Kiemann's  zeta  function  and  V  is  the  volume  of  the  solid. 
Because  of  C„  =  T  6S/6T  we  find  that  the  leading  term  in  Cv  should 

3  72  3  v 

also  be  «*T  '  .  The  next  term  in  S  is  *T  and  contains  in  particular 
the  usual  Debye  contribution. 

Experimentally  extra  contributions  to  S  of  the  form  aTa  with 
1  &  a  <,  3/2  have  been  found  in  glasses,  amorphous  semiconductors  and 
metals,  polymers,  superionic  conductors,  and  ferroelectrica^  A  charac¬ 
teristic  feature  of  these  solids  is  that  some  of  the  atoms  can  make 
"large"  (i.e.  of  the  order  of  the  bond  length)  displacements.  This 

also  is  just  a  condition  that  the  above  extra  mode  should  be  impor- 
2  3 

tant  '  .  Nevertheless  the  application  of  our  theory  to  the  above  solids 
is  difficult  because  a1  and  D  are  presently  unknown  an*,  have  so  far 
also  not  been  calculated  within  theoretical  models. 
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RAMAN  STUDY  OF  THE  ANHARM0N1CITY  AND  DISORDER- INDUCED  EFFECTS  IN 
Ga^_xAlxAs 

B.  Jusserand,  J.  Sapriel,  F.  Alexandre  and  P.  Delpech 

Centre  National  d’ Etudes  des  Tilicormunications,  196  rue  de  Paris,  92220 
Bagneux,  France 


ABSTRACT . -  Raman  measurements  of  the  frequency  shift  and  profile 
variations  versus  temperature  are  interpreted  in  terns  of  anharmo- 
nicity  and  disorder.  Several  disorder  activated  longitudinal  and 
transverse  acoustic  modes  have  been  observed  and  assigned.  A  des¬ 
cription  of  their  resonant  behaviour  is  also  given. 


1 .Study  of  the  first-order  Raman  lines. - 

The  emergency  of  a  low-energy  tail  in  the  LO-lines  has  been  alrea¬ 
dy  reported  in  GaAlAs }  In  order  to  analyze  the  origin  of  this  asymme¬ 
try  we  have  investigated  the  frequency  and  profile  of  the  LO  peak  in 
GaAs  and  GaQ  ,73A10.  27As  as  a  function  of  the  temperature  T. 

The  effective  half-width  r  and  the  anharmonic  shift  A  of  a  Raman 
peak  of  frequency  u>  are  respectively  given  by  Rel  (1)  and  (2) 

r  =  rl  +  r3  U) 

A  =  BT  +  A,  +  A,  (2) 

r3  is  due  to  cubic  anharmonicity  and  T  is  a  damping  independent  of  T 
due  to  other  attenuation  processes.  Ouartic  anharmonicity  is  neglected 
in  (1)  as  it  gives  rise  to  higher  order  contribution  to  the  llnewldth  ; 
A^  and  A^  are  the  shifts  due  to  cubic  and  quartic  anharmonicity  respec¬ 
tively  and  8T  is  the  contribution  of  the  thermal  expansion.  The  cubic 
process  consists  of  the  decay  of  the  optical  phonon  into  two  acoustic 
phonons  of  frequency  u>/2  and  of  equal  and  opposite  wave  vector.  For  a- 
coustic  phonons  whose  wave  vector  is  far  from  the  Brillouin  zone 
edge,  where  frequency-independent  density  of  states  can  be  reasonably 
assumed,  one  finds  ?'3 

r3  -  r®  t2n(w/2)+l3  (3)  A3  »  -  r3  A(q)  (4) 

n  is  the  thermal  population  factor  n(w)  *  [exp(hu/kT) -l]  -1,  q  is  the 
reduced  wave  vector  of  the  acoustic  phonons  involved  in  the  process 
and  A(q)  ■=  [l/(4q4)  +  l/(3q3)  +  l/(2q2)  +  1/q  +  In  <l/q  -1)]  /%  (5) 

Relations  (3) -(5)  are  valid  in  the  case  of  the  LO  and  TO  modes 
in  GaAs  and  in  the  case  of  the  GaAs -type  modes  in  Ga^^Al^As  where 
q  *  0.5.  The  constant  B  of  equ. (2)  is  calculated  front  data  of  the  lite¬ 
rature  relative  to  elastic  constants,  thermal  expansion  and  Raman  sttfts 
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under  hydrostatic  pressure  in  GaAs.  One  finds  R  =  -0. 58xlO_^cm_1K-1. 
Raman  scattering  experiments  of  the  LO  and  TO  inodes  in  GaAs  and  of  the 
LO  GaAs-type  in  Ga^  73*^5  27As  ^ave  been  perforroed^between  20  and  450K. 
The  peak  frequency  and  the  profile  have  been  carefully  investigated. 
Fitting  rel  ( 1 ) — { 5)  to  our  experimental  results,  we  found  A4  negligible 
with  respect  to  A^  and  obtained  the  values  of  and  n  (fi«=o)-A  is 

the  frequency  of  the  phonon  in  the  perfectly  harmonic  lattice)  which 
are  reported  in  Table  1 . 


TO  in 

ri  -1 

cm 

0 

r° 

3  -1 

cm 

0.24 

0  cm'1 
cm 

273 

Table  1-  Parameters  determined 

GaAs 

LO  in 

0.28 

0.26 

297 

by  fitting  our  experimental  re¬ 
sults'1  to  relations  (l)-(5)  ; 
the  anharmonic  contribution  to 

GaAs 

GaAs-type 

1.11 

0.28 

287 

the  residual  low  temperature 
damping  is  expressed  by  r°. 

mode  for 
x  =  0.27 


One  can  see  that  r°  has  the  same  value  in  GaAs  and  GaAlAs.  The 
anharmonicity  is  not  affected  by  the  disorder.  The  asymmetry  of  the  LO 
mode  in  GaAlAs  is  not  a  consequence  of  the  anharmonicity.  Complementa¬ 
ry  experiments  on  several  samples  for  x  in  the  range  0-0.5  have  che¬ 
cked  that  the  asymmetry  was  temperature  independent.  It  is  interpreted 
as  a  disorder  induced  effect,  the  low-energy  tail  being  due  to  contri¬ 
bution  of  LO  phonons  in  the  vicinity  of  k=0 ,  whose  energy  is  smaller. 

A  phenomenological  model  of  this  effect  is  given  elsewhere  ^ . 

2.  Study  of  the  disorder-activated  acoustic  modes.  As  one  approaches 
the  middle-range  concentration  in  Ga^^Al^As,  new  modes  appear  in  the 
low-frequency  part  of  the  Raman  spectra  which  are  very  weak  and  clear¬ 
ly  resolved  only  under  resonance  conditions.  Such  conditions  were  rea¬ 
lized  in  a  GaQ  25A10  75As  samPle  since  the  extrema  at  k  ■  0  of  the 
conduction  and  valence  band  are,  for  this  composition,  separated  by  an 
amount  of  energy  which  lies  in  the  range  of  the  argon-ion  laser  emit- 
ting  lines.  The  results  are  given  in  Fig.l  for  the  4880  A  and  5145 
laser  lines  at  different  temperatures.  One  can  notice  two  sets  of  li¬ 
nes  :  one  around  200  cm  1  which  compares  well  to  one  already  reported 
(dotted  line  in  Fig.l)  generally  attributed  to  the  disorder  activated 
longitudinal  mode  (DALA)  and  the  other,  never  reported  before  in 
Ga1_jtAljtAs,  which  is  situated  between  70  and  135  cm”1,  i.e.  in  the 
short-wavelength  transverse  acoustical  range  and  which  we  interpret 
as  a  disorder  activated  transverse  acoustical  band  (DATA) .  The  peaks 
I, II, III, IV, V  of  Fig.l  have  not  a  second-order  Raman  behaviour  versus 
temperature  and  one  can  notice  that  the  variation  of  their  intensities 
are  related  to  the  difference  between  the  energy  of  the  incident  pho- 
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ton  and  the  value  of  the  gap  at  k=0.  The  Increase  of  these  intensities 
is  only  a  consequence  of  the  tuning  of  this  gap  to  the  incident  light 
when  the  temperature  is  made  to  vary.  Peaks  I-V  are  therefore  first 
order  Raman  lines  which  reflects  the  density  of  states  .  A  linear  in¬ 
terpolation  between  the  values  of  <*>ta(L)  and 
gives  :  <oTA{L)  =  75  cm-1  and  wTA(x)  =  97  a 

These  values  are  very  close  to  the  frequencies  of  peaks  I  and  II,  who¬ 
se  assignment  is  straightforward.  Peaks  IV  and  V  situated  at  200  cm-1 
and  210  cm  1  can  be  assigned  as  the  LA (L)  and  LA(X)  modes.  Peak  IV  is 
the  same  as  the  peak  reported  in  Ref. 4  .  Peak  V  is  an  additional  one 
which  undergoes  a  resonance  clearly  stronger  than  all  others.  We  report 
in  Fig. 2  the  intensity  variations  of  the  Raman  lines  at  80  K  for  five 
Ar+  laser  lines.  The  resonance  behaviour  of  line  I, II, HI  and  IV  is  qui¬ 
te  similar  to  that  observed  for  the  GaAs-type  and  AlAs-type  LO  modes 
in  the  allowed  configurations  though  line  V  has  a  "forbidden  resonant 
behaviour".  The  polarised  Raman  study  shows  a  symmetry  for  the  DALA 
structure  as  predicted  theoretically.  The  DATA  structure  is  preferen- 
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Fig. 1  :  Disorder-activated  longitudi¬ 
nal-acoustic  structure  (DALA)  and 
Disorder-activated  transverse-acous¬ 
tic  structure  (DATA)  in 
Peaks  I, II, IV  and  V  are  assigned  as 
TA(L),  TA(X) ,  LA (L)  and  LA(X)  respec¬ 
tively. 


Fig. 2  :  Incident  wavelength 
dependence  of  the  intensity, 
x AlAs-type  LO  (FC) . 

■f  AlAs-type  LO  (AC)  . 
o GaAs-type  LO  (FC) . 
e GaAs-type  LO  (AC) . 

A  Peak  V  (xlO) 

apeak  I,H,IV  (xlO)  and  IH  (x50) 
FC  »  Forbidden  configura¬ 
tion. 

AC  :  Allowed  configuration. 
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PHONON-LINE-SHAPE  AND  DISORDER  CORRELATION  IN  MIXED  CaP^^Sx 


M.  Teicher,  D.  Schmeltzer  and  R.  Beserman 

Solid  State  Institute  and  physios  Dept.,  Teehnion,  Haifa,  Israel 


Abstract.  -  The  disorder  of  GaPj  X^8X  is  evaluated  from  the  double  phonon 
spectrum  and  compared  to  the  amorphous  material. 


Combinations  between  zone  edge  Raman  active  phonons  are  used  to  define  the 
disorder  in  a  mixed  crystal.  These  phonons  have  large  "q”  and  therefore  are 
sensitive  to  spatial  disorder.  The  change  In  line  width  and  shape  of  the  double 
phonon  spectrum  of  mixed  GaP^^Aa^  Is  compared  to  the  amorphous  Raman  width  of  the 
pure  components. 


GaP ^ has  *  two-mode-zone  center  and  zone-edge  behaviour.  The  second  order 
spectrum  of  GaP^^As^  is  composed  of  combinations  of  zone  edge  phonons  of  GaP  alone 
and  GaAs  alone.  Figure  1  shows  the  spectra  of  the  GaP  optical  double  phonons  as  a 
function  of  As  content.  With  increasing  "x"  the  spectra  is  shifted  and  broadened, 
we  shall  focusa  our  attention  on  this  broadening.  The  same  results  are  obtained 

for  the  GaAs  double  phonon  spectrum. 

* 

The  normalised  Raman  spectrum  I  ft)  Is  related  to  the  phonon  density  of  states  g(u) 
by:  T ( Ut)  -  £  *lC**>)  *• 

g(w)  Is  the  double  phonon  Raman  spectrum  at  half  width.  By  fitting  procedure, 

la  taken  as  a  phenomenological  width.  Figure  2  compares  the  double- phonon 
spec  turn  of  GaP  to  the  amorphous  spectrum,  the  spectrum  agrees  well  with  the  amorphous 
one. 

If  we  make  the  hypothesis  that  the  disorder  which  Is  introduced  by  mixing  GaP  with 
GaAs,  is  of  the  same  nature  than  the  disorder  created  by  amorphisation,  a  correlation 
should  exist  between  the  widths  of  the  ®*^i_xA*x  *P*ctrua  and  that  of  amorphous  GaP. 

On  figure  3,  we  plot  the  GaP  double  phonon  width  as  a  function  of  As  concentration 
this  curve  extrapolates  to  the  width  of  the  amorphous  material .  This  result  can  best 
be  understood  by  assuming  that  GaP  (GaAs)  agregates  into  alcrocryata  lllte  dusters, 
the  other  component  prevents  the  propagation  of  the  GaP(CaAs)  phonon  from  duster  to 


cluster  .  This  results  in  the  alternation  and  in  the  broadening  of  the 
propagating  vibrational  mode.  When  the  concentration  of  GaF  (GaAs)  is  snail 
enough,  the  clusters  are  isolated  one  fron  the  other^  the  barrier  between  then 
is  to  high  to  be  overcomed,  this  is  the  picture  of  an  anorphous  Material. 


Fig.  It-  GaP  double-phonon  Raaan  spectra  for 

different  As  concentrations  in 

GaF.  As  . 

1-x  x 
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INELASTIC  NEUTRON  SCATTERING  FROM  AMORPHOUS  Fe40Zr60  DOPED  WITH  DIFFE¬ 
RENT  CONCENTRATIONS  OF  KRYPTON  (0,1,7  at.%) 


F.  Gompf,  H.J.  Schmidt  end  B.  Renter 

Kemfor8ohung8zentrum  Karlsruhe,  Institut  fllr  Angewandte  Kemphyeik,  0-7600 
Karlsruhe,  Postfaoh  3640,  F.R.G. 


Abstract.-  By  means  of  time-of-flight  neutron  inelastic  scattering  techniques 
we  have  obtained  the  generalized  vibrational  densities  of  states  G(hu>)  of  un¬ 
doped  polycrystalline  and  amorphous  Fe40Zr60  and  of  amorphous  samples  doped 
with  1  and  7  at.Z  Kr.  The  amorphous  compound  displays  a  triangular  shaped 
G(-Ku)  which  is  very  different  from  the  strongly  structured  crystalline  modi¬ 
fication.  Concerning  the  amorphous  alloys,  the  energetic  range  of  the  addi¬ 
tional  Kr  modes  indicates  that  the  Kr  atoms  are  embedded  in  their  host  matrix 
as  single  atoms  or  perhaps  small  clusters  and  not  as  bubbles  as  was  found  in 
metals. 


1.  Experiment.-  We  have  produced  amorphous  Fe40Zr60  undoped  and  doped  with  I  and 

7  at.Z  Kr  using  a  triode  sputtering  system  as  described  in  /!/.  The  structure  of  our 
samples  was  checked  by  neutron  diffraction.  No  Debye-Scherrer-lines  were  observed 
shoving  the  amorphous  state  of  the  materials.  By  means  of  inelastic  neutron  scatter¬ 
ing  techniques  from  powder  samples  we  determined  the  generalized  vibrational  densi¬ 
ties  of  states  GfAu) .  The  experiments  were  carried  out  at  the  FR2  research  reactor 

in  Karlsruhe  using  the  multidetector  time-of-flight  spectrometer  TOF  II.  The  inci- 

3 

dent  neutron  energy  was  5  meV,  the  60  He  -counters  covered  scattering  angles  between 
80  and  166  degrees. 

To  crystallize  the  alloy  we  heated  an  amorphous  sample  up  to  about  700°C  in  UHV. 
Neutron  diffraction  revealed  that  the  material  had  completely  crystallised.  The 
largest  amount  had  transformed  to  FeZr2  a  tetragonal  CuAl^  (Cl 6) -type  structure  / 2/ 
but  also  minor  parts  of  other  phases  were  present. 

2.  Results  and  discussion.-  In  Fig.  1  ve  show  the  time-of-flight  distribution  (back¬ 
ground  subtracted)  of  three  amorphous  Fe40Zr60  alloys  containing  0-1  and  7  at.Z 
krypton.  Towards  smaller  energy  transfers  we  register  a  strong  enhancement  of  inten¬ 
sity  with  rising  Kr  concentration.  In  fact  even  the  sample  doped  with  1  at.Z  Kr  al¬ 
ready  shows  a  well  defined  increase.  From  these  scattering  data  the  generalised  vi¬ 
brational  densities  of  states  were  deduced.  They  are  shown  in  Fig.  2  together  with 
Gfftbi)  after  crystallisation  of  the  undoped  alloy.  Amorphous  undoped  Fe40Zr60  has  a 
triangular  frequency  distribution  which  peaks  around  20  meV  and  extends  to  40  meV. 
Astonishing  is  the  fact  that  there  is  no  Debye  like  behaviour  in  G(ftw)  down  to  our 
experimental  limit  of  t  meV.  This  shape  of  G(ftw)  is  very  different  from  the  phonon 
density  of  states  curve  of  the  crystalline  modification  where  a  pronounced  decrease 
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Fig.  I ;  Tin* -of-f light  spectra  Fig.  2:  Comparison  of  the  vibrational  densities  of 
of  aawrphous  Fe40Zr60  with  states  of  crystalline  Fe40Zr60  A-A  with  that  of  the 

different  Kr  concentrations  amorphous  alloy:*-# undoped, O-Odoped  with  7  at.Z  Kr 


of  intensity  is  registered  below  17  meV  with  a  dip  at  6.5  meV  and  a  rather  sharp 
peak  at  13  meV.  The  maximum  of  G(-Ru)  is  shifted  to  higher  energies  and  now  centers 
around  23  meV  while  the  cut-off  frequency  remains  the  same  i.e.  40  meV. 

Amorphous  Fe40Zr60  with  7  at.Z  Kr  exhibits  additional  intensities  from  1  meV  up 
to  20  meV  with  a  maximum  of  10  meV.  From  scattering  power  considerations  these  modes 
have  been  attributed  to  the  Kr  atoms  i.e.  one  expects  an  intensity  gain  of  approxi¬ 
mately  5Z  for  the  doped  sample  which  is  nicely  confirmed.  For  solid  Kr  the  frequency 
spectrum  ends  at  6  meV  / 3/  whereas  we  obtained  a  much  harder  Kr  spectrum  which  is 
shown  in  Fig.  3.  From  this  we  conclude  that  the  force  constants  between  Kr  and  the 


CtaWl 


Fig.  3:  The  Kr  vibrations 

inanorphoes  Fs40Cr60 


transition  metal  atoms  must  be  about  10  times  larger 
than  the  forces  in  solid  Kr.  If  Kr  was  enclosed  in 
its  host  matrix  in  the  form  of  bubbles  it  would  be 
in  its  liquid  state  due  to  its  critical  temperature. 
As  the  dynamical  forces  then  were  of  the  Van  de 
Uaals  type  they  would  be  even  weaker  than  for  the 
solid  state.  From  this  we  conclude  that  the  Kr-atoms 
are  embedded  as  single  atoms  or  at  most  as  very 
small  clusters  in  the  amorphous  host  matrix . 


References.-  /I/  H.-J.  Schmidt,  E.  Henrich,  T.  Fritsch,  F.  Gompf,  B.  Ranker,  E.Mohs, 
Proc.  of  the  Int.  Conf.  on  Liquid  and  Aawrphous  Metals, Grenoble  1980 
111  3.  Vines*,  F.  van  der  Monde  and  M.G.  Scott,  Solid  State  Coanein.  37, 
567  (1981) 

/)/  J.  Skalyo,  t.  Erdoh,  and  G.  Shirane,  Phys.  Rev.  R9,  1957  (1974) 
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LOCAL  ORDER  AND  DYNAMICS  IN  LIQUID  ELECTROLYTES  !  SMALL  ANGLE  NEUTRON 
SCATTERING 


G.  Maisano,  P.  Migliardo,  P.  Wanderlingh,  M.P.  Fontana*,  M-C.  Bellissent-Funel** 
and  M.  Roth*** 

l8tituto  di  Fiaica  and  G.N.S.M. ,  Messina,  Italy 
*l8tituto  di  Fiaica  and  G.N.S.M.,  Parma,  Italy 
**labo.  "L.  Brillouin"  Ome  des  Merisi  era,  Gif-sur-Ivette,  France 
***J. L.  L. ,  38000  Grenoble,  France 

The  existence  of  dynamically  correlated  regions  of  intermediate  range 
of  ordering  was  verified  for  ZnCl2  solutions  in  D2O  by  means  of  small 
angle  neutron  scattering.  The  data  also  show  the  presence  of  two 
characteristic  lengths  in  the  solutions  for  solute  concentration 
below  about  3  Molar.  At  higher  concentration,  the  secondary  "bump” 
due  to  the  interference  of  these  two  distances  disappears,  indica¬ 
ting  perhaps  a  percolation  threshold.  Such  result  is  confirmed  by  the 
detection  of  a  characteristic  length  in  the  small  angle  spectra  of 
pure  D2O. 


Aqueous  solutions  of  strong  II-I  electrolytes  have  been  investigated 
for  some  time  because  of  the  unusual  and  strong  structure  making  ef¬ 
fects  they  show  (1).  At  sufficiently  high  concentrations,  the  local 
structure  in  the  liquid  is  imposed  by  the  solute  and  turns  out  to  be 
very  similar  to  the  corresponding  crystalline  structure  (EXAFS  measu¬ 
rements).  Raman  and  inelastic  neutron  scattering  spectroscopy  (see 
also  papers  Bl-6  and  Dl-4  at  this  conference)  show  the  existence  of 
solute-connected  collective  vibrational  excitations  which  indicate 
that  the  range  of  odering  may  extend  well  beyond  the  mean  interionic 
separation.  These  effects  nay  be  particularly  evident  in  ZnCl2  solu¬ 
tions,  and  the  contrast  between  ordered  regions  and  the  remaining 
fluid  sufficiently  high  to  make  the  intermediate  range  dynamical  cor¬ 
relations  detectable  by  small  angle  neutron  scattering. 

For  monodisperse,  spherical,  non  interacting  "regions"  the 
Guinier  approximation  to  the  structure  factor  yields: 


SCoh(^ 


0*5 


rg  q1 

/v  exp  ( - =-— ) 


(1) 


i.e.  for  Q-*0,  the  scattered  intensity  should  rise  exponentially. 
Independently  of  the  details  of  the  Guinier  approximation,  such  a 
rise  will  be  indfmetive,  in  a  homogeneous  system,  of  density  or 
concentration  fluctuatlUrt*' special  correlations,  with  characteristic 
range  JU. 

Although  we  performed  measurements  on  ZnCl2,  CuBr2,  NiCl,  solu¬ 
tions,  here  we  shall  discuss  mainly  the  data  we  obtained  for  ZnCl2 
in  D20  and  pure  D20. 
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Experimental 


We  have  used  the  D17  and  Dll  small  angle  cold  neutrons  spectro¬ 
meters  at  I.L.L.  Grenoble.  The  working  wavelength  was  10  A  and  the 
§  ranges  spanned  were  0.019<Q<0.25  A  1  (with  D17)  and  0.002  <  Q  <,0. 25 
A-1  (with  Dll).  Solutions  here  held  in  a  2x2x0. 1  cm  fused  quartz 
cell  at  room  temperature,  and  were  prepared  by  standard  methods. 

The  data  were  corrected  for  empty  cell,  detector  efficiency,  sample 
absorption. 


Fig.l  -  Small  angle  data  in 
CuBr2,  NiCl2,  ZnCl2 
solutions  in  D20. 
The  molar  concentra 
tion  is  0.1  of  the 
saturation  value. 


In  fig.  1  we  show  the  SCojj(Q)  behavior  at  intermediate  values  of 
the  "small  angle"  region  (data  obtained  with  D17) ,  for  ZnCl2,  NiCl2, 
CuBr2  solutions  at  0.1  of  the  saturation  concentration.  Note  the  rise 
for  Q-+0  and  the  bump  at  ca.  Q  *  0.1  A“*.  The  rise  for  larger  Q's 
is  due  to  the  tail  of  the  metal-metal  correlation  peak  and  the  stron¬ 
ger  but  more  distant  water  peak  in  the  structure  factor.  The  study 
of  Scoh(Q)  X*  concentration  shows  that  the  bump  disappears  for  con¬ 
centration  higher  than  about  3  Molar  for  ZnCl2  in  D20  (Fig.  2). 


Fig. 2  -  Small  angle  scattering  data  for  ZnCl2  solutions  at 

various  concentrations,  the  case  of  pure  D20  is  also 
shown. 
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These  results  indicate  that: 

-  In  the  solutions  there  are  dynamically  correlated  regions  with  fair¬ 
ly  well  defined  range  do. 

-  The  secondary  maximum  suggests  that  such  regions  are  themselves  spa- 
cially  correlated  with  a  characteristic  distance  d. 

-  Using  a  dumbell  model  (Guinier)  to  perform  a  preliminary  analysis 
of  the  spacial  correlations  yielding  the  observed  SCoji(Q)  shape, 
we  obtain  do/d~0.7  with  d  m  50  X  for  c  a  1M. 

-  The  regions  .loose  their  identity  and  merge  into  an  "infinite  clus¬ 
ter"  at  c  o»3M.  This  effect  may  indicate  the  existence  of  a  percola¬ 
tion  limit  in  this  system. 

The  small  angle  spectra  obtained  for  D20  confirm  the  validity  of 
the  application  of  percolation  theory  concepts  to  these  systems. 

Since  the  data  shown  in  Fig.  1  for  D2O  were  not  sufficiently  accurate, 
we  repeated  the  measurements  using  the  high  resolution  Dll  spectrome¬ 
ter.  Actually  the  measurements  were  repeated  for  the  solutions  also, 
and  the  data  are  still  a  under  analysis  and  will  be  reported  else¬ 
where.  The  data  for  D2O  show  a  clear  rise  of  Sro^CQ)  all  the  way  to 
0.01  A"1. 


Fig. 3  - 

Very  small  angle  scattering 
for  pure  D20  (Guinier  plot) . 


!  ; 

In  Fig.  3  we  show  a  Guinier  plot  of  the  data.  From  the  slope  of  the 
straight  line  fit  of  SCoh(Q)  for  Q*0.01  A”1  we  obtain 

o-l 

Rg*  35  A  (2) 

This  result  confirms  and  extends  to  low  Q's  the  results  obtained  by 
Bosio  et  ml.  (2)  by  neans#of  Small  Angle  X-Ray  Scattering  (their 
lower  Q  limit  was  *0. 01 S  A"1),  which  they  interpreted  in  terms  of 
the  recently  proposed  site  percolation  model  for  water  (3),  in  which 
tetrabonded  sites  tend  to  clusterize  (forming  low  density  patches). 

The  sharp  rise  in  SCof,(Q)  at  the  smallest  Q’s  (which  would 
yield  an  apparent  coherence  length  of  about  600  X)  is  not  understood 
at  present:  it  may  be  due  to  interfacial  effects  between  water  and 
the  cell  walls. 
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RAMAN  SCATTERING  IN  ANNEAL  STABLE  AMORPHOUS  SILICON 

Ik  'f 

S.T.  Kshirsagar  and  J.S.  Lannin 

Department  of  Physios,  Pennsylvania  State  University,  University  Park, 
Pennsylvania  18802,  U.S.A. 


Abstract.-  First  order  Raaan  scattering  measurements  are  reported  on  anneal 
stable  amorphous  Si  prepared  by  chemical  vapor  deposition.  Hie  results 
indicate  substantial  modifications  of  the  Raman  spectra  relative  to  a-Si 
prepared  by  other  methods,  ttie  results  indicate  improved  short  range  order 
in  CVD  a-Si  resulting  from  a  narrowing  of  the  bond  angle  distribution. 
Similarties  to  a-Si  H  spectra  suggest  improved  short  order  in  the  hy¬ 
drogen  alloys.  ~X  x 


1.  Introduction.-  Lattice  dynamical  calculations  of  amorphous  semiconductors  as 
well  as  metals  have  emphasised  the  important  role  of  short  range  order  on  the 
phonon  density  of  states  and  it  relation  to  crystalline  solids.1  A  number  of 
models  for  amorphous  (a-)  Si  and  Ge  have  been  developed  in  the  past  with  the  goal 
of  obtaining  the  radial  distribution  function  as  well  as  properties,  such  as  the 
phonon  density  of  states.  Hie  implicit  assumption  in  these  studies  is  that  one 
correct  model  ie  appropriate  for  elucidating  most  of  the  physical  properties  of 

these  systems  and  that  'extrinsic'  affects,  such  as  void,  defects  and  impurities 

2 

are  responsible  for  the  diversity  of  electrical  and  optical  data.  Detailed 
radial  distribution  function  (rdf)  studies3  in  a-Ga,  in  fact,  indicated  that 
rather  astall  changes  in  short  range  order  arise  with  deposition  conditions.  In 
addition,  Raman  scattering  studies  reported  in  a-Ge  and  a-si  prepared  under  a 
variety  of  conditions  have  suggested  that  the  vibrational  and  Raman  spectra  are 
relatively  insensitive  to  email  changes  in  local  order. 4  Recent  interest  in  a- 
8ij_xBx  alloys  has  raised  the  question  of  whether  H  modifies  local  order  in  these 
systems  both  in  terms  of  saturating  dangling  bond  defects,  as  well  as  modifying 
the  network  structure.  In  this  study  we  report  on  Raaan  scattering  measurements 
performed  on  the  annral  stable  states  of  a-Si  and  a-Ge.  As  the  anneal  stable 
state  is  believed  to  oorrespoad  to  that  of  lowest  free  energy  prior  to  crys¬ 
tallisation,  it  is  of  particular  interest  for  models  which  consider  energy  re¬ 
laxation  in  their  construction  as  well  as  for  lattice  dynssdcal  studies*  flie 
present  results  emphasise,  in  contrast  to  earlier  studies,  that  considerable 
'intrinsic*  variations  in  the  vibrational  density  of  states  and  Raman  spectra 
occur  and  that  these  are  a  consequence  of  mnall  changes  in  short  range  order. 

The  results  further  suggest  that  the  presence  of  ■  in  certain  a-si  alloys  results 
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in  an  improved  short  range  order. 

2.  Experiment.-  Two  forms  of  a-Si  are 
reported  here,  one  prepared  by  conven¬ 
tional  planar  rf  sputtering  at  7m  Torr 
onto  a  substrate  whose  temperature  is 
=120  C,  and  a  second  fora  prepared  by 
chemical  vapor  deposition  (CVD)  onto 
substrates  above  S20  C.  The  latter 
samples  were  obtained  from  Prof.  B.  O. 
Seraphin  and  have  been  extensively 
characterized.^  Their  H  concentration 
is  -0.2-0. 7  at.  %.  Raman  scattering 
measurements  were  performed  on  a  Spex 
third  monochromator  system  using 

5145  A  excitation  at  room  temperature. 

3.  Results  and  Discussion.-  In  Pig.  1 
the  Stokes  spectra  of  CVD  a-Si  is  com¬ 
pared  to  that  of  the  film  prepared  by 
rf  sputtering.  The  spectra  clearly 
indicate  that  substantial  variations 


in  both  the  VH  and  HH  Raman  components 

Fig.  1  s  Comparison  of  the  Raman  spectra 

of  rf~ sputtered  a-Si  (T  =  120*C)(a)  °°cur  in  snneal  stable  CVD  a-Si 

and  CVD  a-Si(b).  The  solid  curves  material.  This  is  particularly  mani- 

represent  HH  and  the  dashed  curves  VH 

spectral  components.  fest  bV  lar9«  changes  in  the  width  of 

the  high  frequency  peak  centered  at 
-475  cm  1  which  corresponds  to  the 
crystalline  TO  peak  of  the  density  of 

states.4  in  addition,  the  relative  intensity  of  the  low  frequency  TA-like  peak 
is  considerably  reduced  in  the  CVD  a-Si  film.  Such  large  changes  in  the  Raman 
spectra  of  a-Si  contrast  with  earlier  measurements  which  suggested  no  apparent 

changes  in  the  spectra  with  preparation  conditions.4  Meek  has  performed  theor- 

6  7 

etical  calculations  of  the  phonon  density  of  states  of  a  mstber  of  models  of  a- 

Ge  that  vary  in  short  range  order  by  their  bond  angle  variations,  A6  ,  as  wall 

m 

as  topology.  These  calculations,  which  employed  a  modified  bond  charge  model, 
indicated  that  A0 _  and  not  topology  (ring  statistics)  determined  the  form  of 

ill 

the  phonon  density  of  states.  Mhile  these  calculations  were  performed  for  a-Ge, 

2 

they  are  also  applicable  to  a-Si,  given  similarities  in  short  range  order  and 

O 

vibrational  or  Raman  spectra.  The  results  of  Meek  imply  that  modifications  of 
the  high  frequency  widths  of  the  TO-like  Raman  band  are  attributable  to  changes 
in  Thus  the  increased  scattering  intensity  at  low  frequencies  as  well  as 

the  high  frequency  band  width  in  the  sputtered  film  indicate  increasing  disorder 
relative  to  the  anneal  stable  CVD  material.  The  increased  order  in  the  latter  is 
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attributed  to  saall  changes  in  the  bond  angle  distribution,  since  rdf  aeasure- 
aents  in  a-O  suggest  that  rather  Mall  modifications  of  this  parameter  (*10%) 
are  likely.  The  decrease  in  the  low  frequency  scattering  for  the  CVD  a-Si  stay 
also  be  a  consequence  of  changes  in  the  Raaan  natrix  elaents,  particularly  for 
the  depolarised,  VH  coaponent.  In  the  liait  of  tetrahedral  syaaetry  the  depolar- 

Q 

ised  scattering  froa  low  frequency  body  bending  type  Bodes  vanishes.  Similar 
trends  to  Pig.  1  are  also  observed  in  the  Raaan  spectra  of  anneal  stable  a-Ge 
prepared  by  annealing  evaporated  f lias. 10  However,  a  more  detailed  analysis  of 
the  stray  light  background  is  required  at  low  frequencies  for  quantitative 

changes  to  be  assessed. 

flie  Raaan  spectra  of  CVD  a-Si  shown  in  Fig.  1  are  siailar  in  fora  to  those 

obtained  by  Tsai  and  Neaanich11  on  a  glow  discharge  deposited  a-Si  alloy. 

#92  #08 

In  particular,  the  trend  of  decreasing  TO-like  width  and  TA-like  intensities  is 
observed.  This  clearly  suggests  that  the  presence  of  H  in  the  glow  discharge 
deposited  film  improves  the  short  range  order  relative  to  unalloyed  a-Si  prepared 
by  other  aethods  at  the  corresponding  substrate  teaperature  of  -230  C.  As  the 
CVD  a-Si  film  is  prepared  by  high  teaperature  SiH^  decomposition  it  is  possible 
that  both  the  high  temperature  as  well  as  the  presence  of  H  or  SiH^  intermediates 
also  influence  the  short  range  order.  Soae  saall  differences  in  TO-like  width  of 
-10%  exist  between  the  CVD  a-Si  and  the  glow  discharge  Raman  spectra  that  suggest 
soaewhat  greater  local  order  in  the  latter  hydrogen  alloy.10 

Me  wish  to  gratefully  acknowledge  Prof.  B.  0.  Seraphin  for  the  CVD  a-Si 
aaaples. 
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VIBRATIONAL  DYNAMICS  IN  IONIC  LIQUIDS 

P.  Aliotta,  M.P.  Fontana*,  G.  Maisano,  r.  Migliardo,  C.  Vasi  and  F.  Wanderlingh 

Istituto  di  Fisioa  and  G.N.S.M.  del  CNR ,  Universitd  di  Messina,  Italy 
* Istituto  di  Fieica  and  G.N.S.M.  del  CNR,  Universitd  di  Parma,  Italy 


In  recent  years,  the  chemistry  end  the  physics  of  ionic  liquids  as  electrolytic 
solutions  and  molten  salts,  have  been  widely  studied  because  of  the  structural  peculiarity 
of  these  materials.  In  particular,  as  far  as  aqueous  strong  electrolytes  solutions  of  2-1 
transition  metals  (  e.g.  NiCl^ ,CuCl2 .CuBr., ,NlBr2 ,ZnCl2 ,  ZnBr2)  are  concerned,  thermodynamical 
calculations,  transport  and  acoustic  measureatents,  EXAFS,  X-rays  and  neutron  scattering, 
Raman  scattering  seem  to  indicate  the  possibility  of  a  new  point  of  view  in  describing  the 
physical  properties  of  such  systems.  The  latter  ones  appear  to  be  "  structure  dominated  " 
rather  than  "  collision  dominated".  The  above  mentioned  results  can  be  siamaarlted  in  the 
following  points:  (i)  At  very  high  concentrations  the  solute  tends  to  form  complex  ions 
of  the  HeXn2-"  kind.  Such  «  process  involved  v  SOI  of  the  cations,  while  the  remaining  ones 
diffuse  together  with  their  hydration  shells.  (11)  Ion-ion  and  ion-water  complexes  begin 
to  Interact  and  the  structure  of  the  hydrated  crystals  is  locally  reproduced  .  (lit)  A 
concentration  («.  2  Molar)  does  exist  at  which  the  structure  imposed  by  the  water  and  the 
structure  isiposed  by  the  solute  become  nearly  equivalent.  For  this  range  of  concentrations, 
many  physical  quantities  (  shear  viscosity,  ultrasonic  relaxational  frequency,  coordination 
numbers  and  so  on)  show  an  anomalous  behaviour.  In  the  present  work,  we  discuss  the  dyna¬ 
mical  properties  of  this  system.  In  particular,  W  and  VH  Raman  spectra,  in  the  range 
5  ♦  500  cm"*  and  2800  ♦  4000  cm'*  of  Stokes  shift,  have  been  taken  as  a  function  of  tempe¬ 
rature  and  concentration.  For  comparison,  we  have  also  performed  measurements  for  SrCl2 
and  SrBrj  in  water,  for  the  corresponding  hydrated  crystals  and  for  heavy  water  solutions. 
The  results  obtained  (  see  refs. 1,2 ,3,4  and  5  for  details)  permit  us  to  draw  the  following 
conclusions:  The  low  frequency  spectra  of  all  solutes  studied  (  with  the  exception  of 
SrClj  and  Srlrj)  show  a  slowly  varying  distribution  which  resembles  a  variational  density  of 
nates.  This  sotld-ltke  contribution  becomes  Raman  active  by  breaking  the  momentum  conser¬ 
vation  selection  rule. 

Actually,  the  phonon  density  of  states  built  up  in  this  way  becosws  an  effective 
density  of  states  which  is  the  convolution  of  the  true  vibrational  spectrum  with  the  mode 
depending  matrix  elements.  For  disordered  materials,  as  amorphous  semiconductors, glasses, 
super  ionics  end  asspclated  liquids  as  B203,SbClj,H20  in  which  the  melting  process  gives 
rise  to  the  breakdown  of  only  a  small  percentage  of  the  solid  phase  bonds,  the  vibrational 
modes  seem  to  be  collective  in  character.  In  our  systems,  in  effect,  st  high  concentrations, 
the  structure  resembles  that  of  the  corresponding  crystalline  states  this  evidence  Implies 
the  existence  of  interaction  between  the  ionic  complexes  and  the  obtained  density  of  states 
is  a  convolution  of  n  acoustical"  and  "  optical"  modes  in  a  coupled  complex  structure  with 
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middle  range  order.  In  effect  Che  Metal-Halogen  stretching  bands  are  evident  and  lie 
in  the  same  frequency  region  of  the  corresponding  modes  of  the  hydrated  crystals,  (see 


fig.l). 


RAMAN  SHIFT (crrr'J 


Experimental  Raman  spectra  for  the  saturated 
sohiliom »*l  (h)(‘dn,.(c)riC1}.(d) Stil,  and  l'or(e) 
pure  water.  Excitation  power:  100 mW,  counting  time/ 
cliannel  0.6 sec:  Kan  speed  lOOcnT'/sec.  (The  top  spec¬ 
trum  is  from  a  single  crystal  of  CdCI, ,  0.2  SlIjO  (a). 

Fig,  1  (from  ref,  i ) 


In  particular  (  see  fig. 2)  with  a  Jet-flow  tech¬ 
nique,  it  has  been  possible  to  detect,  by  changing 
theAlnc.,  a  presonance  Raman  effect  related  to  the 
A  £  g  band  of  the  coa^lex  CuCl^2”, centred  at  290cm*'1 


In  the  hneil  the  absorption  It  shown. 


Furthermore  from  the  behaviour  of  the  depola¬ 
risation  ratio  with  the  concentration  (see 
flp.«^)>  evidence  has  been  found  for  s  local 
structure  transformation  at  A.  2  Molar,  where  a 
solute  dominated  structure  took  over  the  water 
dominated  structure.  Another  Interesting  struc¬ 
tural  peculiarity  appears  when  the  anhydrous  melt 
and  glassy  of  the  sasse  salts  are  investigated. 


Fig,  2  (from  ref.  .3) 


CmmlisUni  dopcwlenoo  of  the  depot,  rt  ration  rat 
p  lor  CdCI)  and  7.001,  solution,  nt  tM  and  SSS  urn4  Hamaa 


Fig.  3  (from  ref.  2) 
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Fig.4,  in  tact,  shows  that  for  glassy  and  isoltcn 
ZnClj  i  the  Raman  effective  densities  of  states 
obtained  by  the  I*XP  (u>)  ,  are  very  similar 

both  to  each  otherft'and  to  that  of  the  saturated 
a^ieous  solution.  Furthermore,  in  the  case  of 
molten  ZnC^,  our  (w)  reflects  the  Min  fea¬ 

tures  of  the  neutron  dispersion  Curves  (  see  fig. 3) 
quite  well  and  strongly  supports  our  initial  hypo¬ 
thesis  that  the  vibrational  dynamics  of  the  system 
are  collective  in  character.  As  far  as  the  high 
frequency  region  is  concerned,  the  studied  of  the 
changes  in  the  spectral  shape  of  the  O-ll  stretching 
baud  as  a  function  of  the  solute  concentration, 
confirm  our  interpretation  that  a  structure  imposed 
by  the  soilute  does  exist,  in  which  the  water  mole¬ 
cules  are  strongly  polarized. 


r - ■ - iM - — ~xo  X» 

Stakes  itiltwfcm ') 

Anisotropie  reduced  Raman  intensity 
of  molten  ZuCl^ 

Fig.  4a  (from  ref.  5) 


®0  200  300 

Stokes  ,W!  uM 

Anisotropie  reduced  Raman  intensity  for 
glassy  ZnCl, 


The  resulting  effect  is  a  very  large  change  of 
the  0-  N  stretching  region.  I 


Fig.  4b  (from  ref.  5) 


RrprueenUtlon  of  “average"  dispersion  curves  ln#f.  _ 

IS)  on  the  right  side  end •{, Ivlmlke  left  side,  (or  mottos  ^  *  yS 

*scii.  .  — -yC 

Pig,  5  (from  ref.  5)  .  l0 
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EFFECT  OF  A  THERMAL  ANNEALING  ON  THE  LATTICE  SPECIFIC  HEAT  AND  THERMAL 
CONDUCTIVITY  OF  SUPERCONDUCTING  AMORPHOUS  Zr-76Nii24  ALLOYS 

0.  Bethoux,  J.C.  Lasjaunias  and  A.  Ravex 

Centre  de  Recherohee  sur  lee  Trie  Basset  Temperatures,  C.N.R.S.,  B.P.  166  X, 
38042  Grenoble  Cedex,  France 


Abstract  -  We  have  measured  the  low  temperature  (from  0. 1  K  up  to  5  K)  specific 
heat  and  thermal  conductivity  of  an  amorphous  Zrtli  superconducting  alloy  "as 
sputtered"  and  after  annealing.  We  observe  a  variation  of  the  Debye  temperature 
and  of  the  thermal  conductivity  related  to  a  structural  relaxation  caused  by 
the  annealing. 


Two  amorphous  Zr  7j-Ni_24  alloys  have  been  prepared  by  sputtering  respectively  at 
nitrogen  and  room  teiiperature.  They  are  obtained  in  the  form  of  thick  films  (100  inn). 
The  nitrogen  temperature  deposited  sample  has  then  been  annealed  under  vacuum  for 
24  hrs  at  250“C  (the  crystallisation  temperature  determined  by  D.T.A.  was  350"C).  The 
density  measurement  shows  a  slight  increase  for  the  annealed  sample  (see  table)  indi¬ 
cating  a  tendency  to  a  more  packed  structure. 

o 

Specific  Heat  measurements  are  reported  in  fig.l  inaC/T  versus  T  plot.  From  the 
superconducting  transition  temperature  (T^  *  3.2  K  for  both  "as  sputtered"  samples  and 
T  -  3  K  for  the  annealed  sample)  to  the  upper  limit  of  our  measurements  (about  6  K) 

c  3 

the  data  are  well  fitted  by  a  yT  +  gT  law.  The  values  obtained  for  y  and  6  (see 
table)  by  this  analysis  are  checked  by  comparison  of  the  entropy  in  both  superconduc- 

3 

ting  and  normal  state  below  T^.  The  presence  of  the  ST  term  allawB  the  determination 
of  a  Debye  temperature  (see  table)  which  is  not  possible  in  the  case  of  amorphous 
insulators.  For  both  "as  sputtered"  saoples  g  values  are  very  close.  For  the  annealed 
sample  the  lattice  contribution  decreases  corresponding  to  a  variation  of  about  15  X 
of  the  Debye  temperature.  This  increases  of  6Q  corresponds  to  a  hardening  of  the 
structure.  Unfortunately  no  sound  velocity  measurements  are  available  on  such  amor¬ 
phous  alloys  in  order  to  get  an  other  determination  of  6Q.  But  similar  conclusions 
have  been  drawn  on  PdSi  glassy  alloy  (I). 

Results  of  Thermal  Conductivity  measurements  for  both  "sputtered”  and  annealed 
nitrogen  deposited  sables  are  shown  in  fig.  2.  The  superconducting  transition  tempe¬ 
ratures  Tc  determined  in  the  specific  heat  measurements  are  reported  by  arrows  :  they 
correspond  very  well  to  the  change  in  the  regime  in  the  phonon-electron  scattering  due 
to  the  rapid  decrease  of  the  nuafeer  of  normal  electrons  below  Tc> 

Below  Tc,  both  electron  heat  transport  and  phonon-electron  scattering  become 
rapidly  negligible  .Then  the  phonon  conductivity  is  mainly  limited  by  the  interac¬ 
tion  with  the  low  energy  excitations  end  the  sample  boundary  scattering.  In  fact. 
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1.9 

above  0.3  K  we  observe  a  T  like  variation,  characteristic  in  the  amorphous  mate¬ 
rials  of  the  resonant  scattering  of  phonons  by  the  two  level  systems  (T.L.S.)  :  the 
Casimir  limitation  just  occurs  below  0,3  K.  The  scattering  of  phonons  by  T.L.S.  is 
described  as  : 

Kph-TLS  “  A 

where  n  is  the  density  of  states  of  TLS  strongly  coupled  to  the  phonons  and  M  is  an 
average  coupling  constant  of  TLS  with  phonons.  Using  an  average  Debye  sound  velocity 
vD  obtained  from  the  6^  value  of  specific  heat  measurements  we  determine  the  unique 

adjustable  parameter  nM2  (see  table).  To  the  observed  increase  of  SO  Z  of  thermal 

_2 

conductivity  by  annealing  corresponds  a  significant  decrease  of  nM  by  a  factor  1.35 
this  variation  is  well  correlated  to  a  diminution  of  the  TLS  specific  heat  observed 
in  other  experiments  (2).  Qualitatively  these  results  are  coherent  and  agree  with  a 
theoretical  model  of  structural  relaxation  developed  by  Banville  and  Harris  (3)  : 
they  assume  that  a  TLS  is  a  single  atom  moving  between  two  or  more  alternate  equili¬ 
brium  positions  within  a  void  of  the  structure.  This  model  predicts  a  decrease  of 
TLS  density  with  the  disappearance  of  the  voids  during  annealing. 
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k3p  _2  lD_ 
A2  t*2 


Zr0.76Rl0.24 

«»  sputtered 
(both  saaples) 

annealed 

p(g/c»  ) 

6.85  1  0.01 

6.95  i  0.01 

Y(»J/eol«  t2) 

8.15  :  0.2 

6.30  *  0.1 

B(ml/a»l«  K*) 

0.465 

0.315 

161 

184 

V0<ce/s) 

1.47  x  I05 

1.67  x  I05 

t*f2(«rg/cs3) 

9.1  x  !07 

6.7  x  I07 

Table  :  Experimental  parameters. 
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LOW  TEMPERATURE  THERMAL  PROPERTIES  OF  CYCLOHEXANOL  :  A  GLASSY  CRYSTAL 
SYSTEM 

E.  Bon jour,  R.  Calemczuk,  R.  Lagnier  and  B.  Salce 

Service  dee  Baeeee  Temperatures,  Laboratoire  de  Cryophysique,  Centre  dr Etudes 
fhusiecdres  de  Grenoble,  85  X,  38041  Grenoble  Cedex ,  France 

Abstract.  -  Specific  heat  and  thermal  conductivity  measurements  on  "glassy" 
crystalline  and  crystalline  cyclohexanol  are  reported.  The  glassy  crystal 
phase  shows  the  same  anomalous  behaviour  found  in  glasses  at  helium  tempera¬ 
tures  . 

Recently  several  experiments  have  shown  that  crystals  containing  structural  di¬ 
sorder  can  at  low  temperatures  display  the  same  kind  of  anomalous  behaviour  found  in 
amorphous  solids.  The  study  of  this  class  of  systems  is  a  promising  way  to  clear  up 
the  microscopic  origin  of  the  excitations  responsible  for  these  anomalies.  Glass  like 
behaviour  has  been  well  established  for  some  superionic  conductors  as  Li3N  (1)  and 
e-alumine  (2),  Irradiated  quartz  (3)  and  others  disordered  crystals  (4). 

In  this  paper  we  present  the  results  of  specific  heat  C  and  thermal  conducti¬ 
vity  K  measured  between  1.5  and  20  K  on  a  new  type  of  disordered  crystal  ;  namely  the 
"glassy"  crystalline  phase  (crystal  I  [5  ])  of  cyclohexanol .  We  also  present  the  re¬ 
sults  corresponding  to  the  crystal  III  phase  obtained  by  the  recrystallization  of  the 
previously  measured  "glassy"  crystalline  samples. 

A  "glassy"  crystal  can  be  obtained  by  cooling  through  a  metastability  region 
an  orientational ly  disordered  phase  such  as  the  so-called  plastic  phases  (6).  At  low 
temperatures  the  orientation  disorder  becomes  static  in  the  experimental  time  scale 
and  on  warming  we  observe  a  glass  transition  phenomenon. 

Plastic  crystalline  cyclohexanol  Is  stable  between  299  K  (melting  point)  and 
265  K  but  it  is  easyly  supercooled  and  glass  transition  takes  place  around  150  K. 
Polymorphism  of  cyclohexanol  has  been  fully  described  by  Adachi  et  al  (5  ].  Prior 
to  the  tow  temperature  measurements  we  have  performed  a  differential  scanning  calo¬ 
rimetry  study  on  our  product  (Merck,  Typanalyse)  in  order  to  determine  the  right 
conditions  to  obtain  the  phases  Investigated.  Our  results  confirm  those  of  Adachi.  So 
the  crystal  III  phase  was  prepared  by  heating  the  crystal  I  up  to  240  K  and  then  co¬ 
oling  to  low  temperatures. 

Hie  thermal  conductivity  K(T)  was  measured  using  standart  steady  state  tech¬ 
niques  from  1.5  to  20  K.  The  major  problem  arose  from  the  low  melting  point  (299  K) 
of  cyclohexanol  which  prevented  us  using  a  classical  arrangement.  The  most  efficient 
way  was  to  put  the  samffte  inside  a  PVC  cylinder  shaped  cell  (very  thin  walls)  and. 
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to  perform  measurements  on  the  sample  and  the  cell  together.  Next  step  was  to  mea¬ 
sure  K(T)  of  the  cell.  Taking  into  account  the  respective  cross  sectional  areas  of 
the  cetl  and  the  sample,  it  was  possible  to  deduce  the  exact  thermal  conductivity 
of  cyclohexanol . 

The  specific  heat  measurements  were  performed,  between  1.5  and  20  K  using  an 
adiabatic  differential  method,  operated  at  constant  heating  rate,  as  described  in 
previous  papers  (6) . 

The  specific  heat  results  are  display  in  Fig.l  as  a  C/T3  versus  T  plot  and 
those  of  thermal  conductivity  K  are  represented  in  Fig. 2. 


•  "glassy"  crystal  I  •  "glassy"  crystal  I 

0  crystal  III  0  crystal  III 


For  camparlson  the  solid  and  dashed  lines 
show  the  results  of  silica  and  selenium 
glass  (literature). 

Jn  both  cases  the  shape  of  the  curves  corresponding  to  the  glassy  crystal  Is 
Identical  to  those  found  in  glasses.  The  "plateau"  of  K  around  5  K  with  a  K  value  of 
the  order  of  10*4Wcm* 1K'1  and  the  strong  Increase  (faster  than  T3)  of  C  at  T  «  3  K, 
giving  a  peak  In  the  C/T3  plot,  are  universal  features  of  vitreous  materials.  In  con¬ 
trast  the  recrystal llzed  samples  behave  as  normal  crystals.  The  origin  of  these  ano¬ 
malies  In  normal  glasses  Is  stlli  unknown  and  their  occurency  In  a  glassy  crystal  is 
a  useful  result  eliminating  a  certain  number  of  possible  hypothesis.  As  "glassy" 


cyclohexanol  is  a  good  crystal,  in  the  sense  that  the  molecular  mass  centers  form 
i  periodic  lattice,  the  existence  of  large  scale  density  fluctuations  (7),  voids 
■  )  or  some  kind  of  free  volume  (9)  which  are  sometimes  proposed  snouid  be  excluded 
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Abstract.  Water  doping  of  nitrate  glasses  lowers  their  thermal  conductivity. 
The  effect,  however,  is  smaller  than  expected  on  the  basis  of  the  increased 
density  of  states  of  anomalous  states  observed  in  specific  heat  measurements. 


Addition  of  foreign  atoms  or  molecules  to  crystalline  solids  changes  their 
lattice  vibrational  spectrum,  resulting  in  localized  modes,  resonances,  and  tun¬ 
neling  states.  We  are  exploring  whether  similar  effects  can  also  be  caused  in 
amorphous  solids.  As  host  glass,  we  have  chosen  nitrate  glasses  of  the  composition 
40  mole  %  Ca(N03)2  and  60  mole  *  KN03.  Doping  with  LiN03  and  KN02  up  to  their 
solubility  limits,  6  x  1020  and  4.4  x  1020  cm*3,  respectively,  caused  no  discernible 
effect  on  the  low  temperature  specific  heat  of  the  glass  (<  2%  change),1  in  contrast 

to  the  doping  of  alkali  halide  crystals  with  Li+  or  NO,  ions,  which  results  in  low 

2  c 

energy  tunneling  states  in  many  hosts.  Doping  the  glass  with  water,  however,  at 

21  -3 

concentrations  between  1  and  3  x  10  cm  ,  increased  the  low  temperature  specific 
heat  anomaly  known  to  be  characteristic  for  the  amorphous  state.1  The  increase 
in  entropy  was  found  to  scale  with  the  water  concentrations,  but  was  approximately 
four  orders  of  m  gnitude  smaller  than  it  would  be  if  every  water  molecule  would  con¬ 
tribute  one  tunneling  state.  Thus,  tunneling  (or  some  other  kind  of  low  energy 
vibration)  of  the  water  also  appears  to  be  very  unlikely  in  this  case. 

We  did  observe,  however,  that  the  specific  heat  anomaly  of  the  water-doped 
glass  scales  with  the  reciprocal  glass  transition  temperature  Tg,  i.e.. 


-1 


aexc  *  TG  ’  with 


Cexc  ^v  "  CDebye  =  aexc  T 


1.16 


<’.) 

(2) 


see  Fig.  1.  Eq.  (1)  suggests  that  the  low  temperature  anomalous  states  are  a 
measure  of  the  disorder  frozen-lnto  the  glass  as  It  solidified,  as  has  also  been 
proposed  Independently  by  Cohen  and  Grest,  based  on  the  free-volume  theory  of 
glasses. 

In  the  present  study >  we  have  searched  for  a  change  in  the  low  temperature 
thermal  conductivity  In  water-doped  nitrate  glass.  Sample  preparation,  determina¬ 
tion  of  Tg  and  of  the  thermal  conductivity  have  been  described  previously.1,2’* 

'Present  address  :  Sax-Pi anck- I nstl tut  fUr  FestkOrperforschung,  Heisenbergs tr.  1, 
0-7000  Stuttgart  80,  F.R.6. 
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Fig.  1.  The  anomalous  specific  heat  of  40/60  Ca(N03)2KN03  glass  increases  with 
decreasing  Tq  resulting  from  doping  with  water,  after  Ref.  1.  Water  concentrations: 
#1,  1.1;  #2,  2.4;  #3,  3.8;  #4,  3.3,  all  in  1021  cm'3.  Also  shown  is  the  thermal 
resistivity  A-l  at  0.1  K,  see  right  hand  ordinate.  The  dashed  line  connecting  the 
two  data  points,  obviously.  Is  only  an  aid  for  the  reader.  For  equal  changes  in  Tg, 
aexc  increases  approximately  four  times  more  than  A-1.  Tg  for  the  conductivity 
samples  is  339  K  (undoped),  292  K  (doped). 


Fig.  2.  Percent  relative  deviation,  defined  as  (Awp  -  Af1t,undoped)/Afu,undoped 
of  the  measured  conductivity  of  the  undoped  ("dry”)  and  the  doped  ("wet”)  samples. 
The  best  fit  to  the  dry  sample,  Af1t>  unhoped  *  1,82  x  10"*  T1'96  (w  'u*'1  K"1,  with 
T  measured  in  K). 
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The  conductivity  A,  measured  between  0.1  and  0.5  K,  followed  a  power  law  for  both 
the  doped  and  the  undoped  sample.  For  the  undoped  sample,  A  =  1.82  x  10'^  T1’9® 

(in  W  cm"1  K"1),  while  for  the  undoped  sample,  A  =  1.69  x  10"^  T1'96,  i.e.,  7% 
smaller.  The  quality  of  the  power  law  fit  to  the  conductivity  of  the  undoped  sample 
is  shown  in  Fig.  2,  which  also  shows  the  relative  deviation  of  the  data  obtained  on 
the  doped  ("wet")  sample  relative  to  the  power  law  fit  for  the  undoped  ("dry") 
sample.  The  data  for  the  doped  sample  are  lower,  on  average,  by  7%  than  the  data 
for  the  undoped  sample.  Both  sets  of  data  show  a  peak  near  0.25  K,  which  we  believe 
to  result  from  an  error  in  calibration  of  our  thermometer. 

In  Fig.  1,  we  have  plotted  the  thermal  resistivity  A-1,  at  0.1  K,  for  the  two 
samples.  The  error  bars  are  those  of  the  accuracy  with  which  the  sample  geometry 
was  measured  (±  5*).  It  is  seen  that  the  increase  of  aexc.  i.e.,  of  the  density  of 
states  In  the  water-doped  sample.  Is  larger  than  the  increase  in  thermal  resistance, 
the  latter  being  just  barely  outside  the  experimental  error.  Conceivably,  the  in¬ 
creased  density  of  states  of  the  scattering  centers  is  partly  offset  by  an  increase 
of  the  speed  of  sound  (which  would  increase  the  low  temperature  thermal  conductiv¬ 
ity),  and/or  by  a  decrease  of  the  coupling  constant  in  the  doped  sample.  Measure¬ 
ments  of  the  speed  of  sound  in  these  glasses,  in  progress  in  our  laboratory,  will 
shed  some  light  on  these  questions. 

This  research  was  supported  in  part  by  the  National  Science  Foundation  under 
Grant  #DMR-78-01560  and  through  the  Cornell  Materials  Science  Center. 
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THE  THERMAL  CONDUCTIVITY  OF  SEMICRYSTALLINE  POLYMERS  AT  VERY  LOW 
TEMPERATURES 

D.  Greig  and  N.D.  Hardy 

Department  of  Physios,  University  of  Leeds,  Leeds  LS2  9JT,  England 


Abstract .  -  For  polyethylene  the  temperature  dependence  of  thermal  conduct- 
ivity  decreases  below  a  temperature  T*  —  in  this  cage  1 K  —  from  X2 
to  T.  He  now  present  experimental  results  on  a  lightly  modified  form  of 
polyethylene  for  which  T*  is  raised  to  between  3K  and  9K.  There  appears  to 
be  a  correlation  between  T*  and  the  microcrystalline  structure  and  we 
speculate  that  for  semicrystalline  polymers  in  this  temperature  range 
structure  scattering  is  more  important  than  2-level  tunnelling. 


The  general  trends  of  the  temperature  dependence  of  the  thermal  conductivity,  K  , 

of  semicrystalline  polymers  have  been  well-established  between  2K  and  room 

1  .  .  .  2 
temperature  .  He  have  studied  in  detail  the  influence  of  (i)  crystallinity  and 

3 

(ii)  crystallite  orientation  ,  and  have  found  that  above  and  below  'V  20 K  the 

variations  in  k  with  these  two  parameters  are  completely  different.  At  the  higher 

end  of  the  range  the  conductivity  increases  both  with  crystallinity  and  with 

orientation.  At  low  temperatures,  on  the  other  hand,  the  specimens  with  the  greatest 

crystallinity  have  the  lowest  conductivity  with  values  at  “V  2  K  roughly  an  order  of 

'  4 

magnitude  lower  than  those  found  "universally"  for  all  amorphous  polymers  .  These 

low  values,  furthermore,  are  to  be  more  or  less  independent  of  crystallite 

orientation. 

This  rather  dramatic  difference  in  behaviour  is  attributed  to  the  conditions 
arising  at  low  temperatures  when  the  phonon  mean  free  path,  i,  becomes  larger  than 
the  dimension  of  the  structural  units.  As  the  difference  in  density  between 
crystalline  and  amorphous  regions  can  be  as  great  as  20Z  the  "structure  scattering" 
of  the  compoaite  polymer  gives  rise  to  a  thermal  resistance  that  is  considerably 
greater /than  that  of  the  amorphous  material  alone,  For  these  materials  this 
structure  scattering  argument  seems  preferable  to  the  2-level  phonon  scattering  v 
explanation  that  has  beam  applied  so  successfully  to  materials  that  are  completely 
amorphous  ^  ^ . 

At  still  lower  temperatures  it  ie  found  that  for  polyethylene  (PR)  the 

variation  of  k  with  T  undergoes  a  sharp  decrease  in  slope,  changing  ;at  a  temperature 

T*  from  «  dependence  of  about  T1 ‘8  to  a  variation  that  is  almoat  linear.  The  anomaly, 

7  8  9l 

although  towarda  the  lower  end  of  the  temperatures,  has  been  clearly  established  ’ 
end  baa  bean  explained  by  the  dominant  phonon  wavelength r  A,  battening  greater  them 
the  t highness  of  the  crystallites,  la  the  latest  study  it  haa  been  found  to  occur 
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at  a  higher  value  of  T*  ia  a  specimen  of  PE  that  had  been  extruded.  It  therefore 
appears  that  we  can  define  an  "ultra-low"  temperature  range  in  which  the  orientation 
properties  of  the  crystallites  are  again  of  importance. 

We  are  now  reporting  on  some  systematic  studies  of  this  effect  by  making 
measurements  on  a  modified  form  of  PE,  Rigidex  40,  for  which  the  values  of  T*  are 
conveniently  rather  higher.  Rigidex  40  is  an  ethylene-propylene  co-polymer 
containing  5  methyl  side  groups  per  thousand  main  chain  atoms. 

We  have  obtained  2  sets  of  measurements  both  showing  very  marked  effects.  In 
the  first  (figure  1)  we  show  the 
temperature  variation  of  K  in  the 

100.  ■■  i . .  —IT' 

extrusion  direction  for  a  set  of 

samples  for  each  of  which  the  j 

extrusion  ratio  was  15  but  which  _ 

were  extruded  at  75°C,  100°C,  and  J 

110°C.  Cornel  iussen  and 

Peterlin10  have  shown  that  10-  / 

increasing  the  drawing  tempera-  f 

ture  of  PE  from  40°C  to  !40°C  / 

results  in  a  dramatic  increase  in  ■  i  ■  I 

long  period,  L,  with  values  rising  f  / 

from  about  170i  to  nearly  400  X.  ^  K 

Although  there  are  no  published 

data  on  extruded  Rigidex  40,  pre-  7ft 

liminary  experiments  by  Hope11  *£// 


have  shown  the  sa 


trend.  The 


most  important  feature  of  figure  I 
is  that  the  changes  in  k  appear 
only  at  very  low  temperatures . 

In  figure  2  we  show  the 
tesperature  variation  of  k  for 
various  values  of  X  in  samples 
that  have  all  been  extruded  at 


1  X  1  10  JO  100 

TCWCNMUK  (K) 

Fig. 1 .  Temperature  variation  of  k  in  the 
extrusion  direction  for  samples  of  extrusion 
ratio  15  extruded  at:  [~[.750C;  0,!00°C; 

+  1 10°C. 


100°C.  Hope  has  detained  some  indication  of  a  reduction  in  L  with  increasing  X,  but 
am  must  also  consider  an  increase  in  the  number  at  inter crystal line  bridges  crested 
during  the  extrusion  procsss.  From  figure  2  we  see  that  the  conductivity  is  changed 
both  shove  20 K  and  at  "ultra-low"  temperatures . 

Very  generally  me  may  argue  diet  the  change  in  elope  at  T*  with  felling 
tamps rr.  —e  indicates  e  transition  to  s  regime  in  which  dm  mean  free  path  is 
relatively  *jag;  that  is,  as  the  dominant  phonon  wavelength,  X,  becomes  longsr, 
phonon  scattering  is  reduced.  The  results  indicate  that  this  occurs  at  the  highest 
temperatures  far  arterial  that  has  been  (a)  extruded  at  low  extrusion  temperatures 
(figure  i)  and  (b)  extruded  to  the  greatest  possible  extrusion  ratio  (figure  2). 
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This  is  entirely  in  accordance  with  the 
observation  that  both  of  these  processes 
give  rise  to  long  periods  that  are 
relatively  small,  with  an  implication  that 
the  crystalline  structure  is  then  most 
broken  up.  This  results  in  less  scattering 
for  2  possible  reasons.  (1)  When  X  becomes 
greater  than  the  dimensions  of  the  crystal¬ 
line  units  some  form  of  Rayleigh 
scattering  takes  place.  When  the  density 
of  scattering  sites  is  large  interference 
occurs  between  scattered  wavefronts  giving 
a  relationship  l  <*  v-2.  Combined  with  a 
specific  heat  varying  as  T3  this  leads  to 
k  “  T  in  agreement  with  the  experimental 
results.  (2)  On  a  more  qualitative 
argument  orientation  will  tend  to 
'homogenize'  the  polymer  making  the 
amorphous  material  more  dense  and  the 
crystalline  component  less  so.  The 
specimen  will  thus  behave  more  like  an 
amorphous  solid  with  fluctuations  in 

properties  over  a  length  ^  100  X.  Morgan 
12 

and  Smith  have  shown  that  this  leads  to 
a  temperature  variation  of  k  of  exactly 
the  form  that  we  have  found. 

We  should  like  to  thank  Dr  P.S.Hope 
and  Professor  l.M.  Ward  for  their  interest  i 


Temperature  variation  of  k  for 
samples  extruded  at  )00°C  with 
extrusion  ratios:  [~~| .  10(measured 
perpendicular  to  the  extrusion 
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ATTENUATION  AND  VELOCITY  CHANGE  OF  ACOUSTIC  WAVES  IN  THE  AMORPHOUS 
METAL  PdSiCu  FROM  0.05  K  TO  90  K 


P.  Doussineau 

laboratoire  d  'Ultra  sons,  Universiti  Pierre  et  Marie  Curie,  Tour  13,  4  place 
Jussieu,  75230  Paris  Cedex  05,  France 


Abstract.  —  Previous  acoustic  experiments  in  a-PdSiCu  were  extended.  Attenua¬ 
tion  and  velocity  change  were  measured  at  various  frequencies  around  500  Mtz 
from  0.05  K  to  90  K  .  The  attenuation  is  interpreted  as  the  sum  of  two  contri¬ 
butions  :  one  Awe  to  the  relaxation  of  the  TLS  and  the  other  due  to  an  activa¬ 
ted  process.  The  velocity  change  is  explained  with  the  same  two  preceding 
contributions  ;  however  it  is  necessary  to  add  not  only  the  resonant  contribu¬ 
tion  but  also  an  electronic  term  varying  as  T2 . 


1.  Experiments.  —  It  is  now  well  established  that  two- level  systems  (TLS)  are  pre¬ 
sent  in  amorphous  metals  [l].  Among  other  experimental  methods  ultrasonic  waves  have 
proved  that  they  are  one  of  the  best  tool  to  study  TLS  in  amorphous  metals.  I  present 
here  an  extension  of  previous  acoustic  experiments  In  amorphous  pdQ . 775  si0 . J65  Cu0 .06 
[2].  The  attenuation  and  phase  velocity  change  of  transverse  acoustic  waves  at  four 
frequencies  from  185  to  852  IKz  have  been  measured  in  the  temperature  range  0.05  to 
90  K  .  The  results  are  shown  in  Figures  1  and  2  for  the  attenuation  and  the  velocity 
change  respectively.  The  main  features  are  :  -  in  the  temperature  range  below  6  K 

the  attenuation  varies  linearly  with  the  temperature  and  with  the  frequency.  -  At 
higher  temperatures  the  attenuation  still  increases,  goes  through  a  broad  maximum 
near  20  -  25  K  and  then  decreases  slowly  (Fig.  1).  A  similar  peak  has  been  previously 
reported  in  a  Pdo.775 Sig.i65 *90.06  sa“Ple  for  longitudinal  waves  [3].  -  At  the 

lowest  temperatures  (T  <  2  K)  the  velocity  first  increases  roughly  logarithmically 
when  the  temperature  increases  (Fig.  2).  This  behavior  is  now  well  known  for  amor¬ 
phous  metals  [1].  -  Then  the  velocity  goes  through  a  maximum  and  decreases  on  all 

the  temperature  range  explored  (up  to  70  K) .  This  decrease  cannot  be  said  linear  if 
the  entire  temperature  range  (4  to  70  K)  is  considered,  contrary  to  what  was  claimed 
for  the  same  material  in  the  range  4  to  20  K  [4]. 


2.  Theory .  —  The  preceding  results  are  explained  in  the  framework  of  the  TLS  theo¬ 
ry.  I  recall  here  only  the  results  useful  to  what  follows.  Details  can  be  found  else¬ 
where  [1,5].  The  resonant  interaction  between  TLB  and  ultrasonic  wave  leads  to  a  ve¬ 
rs  loci  ty  change  given  by  Ap/i>#  -  C  In  T  /T%  ,  where  Tt  is  an  arbitrary  reference 
temperature,  vt  the  sound  velocity,  C  «  Py2/  pt>2  with  p  the  density,  y  mi  elastic 
deformation  potential  and  P  the  density  of  states  of  the  TUB.  Besides  the  resonant 
interaction,  the  elastic  wave  undergoes  a  relaxational  attenuation  (and  dispersion) . 
In  terms  of  the  complex  change  of  the  elastic  constant  d  ,  it  is  given  by 

If "  ■ c \ d (¥) ■***(¥)  L*  1  Vh&r 

*rn 
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where  f$  =  l/  W,£is  the  splitting  between  the  two- levels,  1*  »  (A#/F)*  with  Aa  the 
tunneling  matrix  element  [5],  u/2lt  Is  the  frequency  of  the  ultrasonic  wave,  and  ?j  is 
the  longitudinal  relaxation  time  of  the  TLS.  Tj  characterizes  the  return  towards 
equilibrium  of  the  TLS  population.  In  a  metal  two  channels  are  possible,  via  the 
thermal  phonons  or  via  the  conduction  electrons  [1].  Consequently 

*7l  -  KT +  [Tf}~1  M"1  =  T'(¥)’  ooth  ?  1  with  Xj  *  7^  f 


r"1  -  +  [if]-*  where  |r,pj  =  i>K3  I 

(T  -  L  or  T  stands  for  the  polarization)  and 

v  _  tX  V  \  2  «  j  „  . 


M" 


vK%T  ~  coth  ,  with 


JC  *  •  P  is  the  electric  density  of  states  at  the  Fermi  level  and  an 

/  co  Ac  n 

electric  deformation  potential.  In  the  general  case  the  attenuation  [a  *  —  Im  —  J 
and  the  velocity  change  {^2.  =  i  Re  are  given  by  a  numerical  calculation. 

Besides  this  first  relaxational  effect  the  acoustic  attenuation  in  amorphous 
materials  generally  presents  a  broad  peak  attributed  to  some  activation  processes 
above  energy  barriers  [6] .  The  corresponding  change  in  the  elastic  constant  is  given 


^2.  »  -  C  f  i~ "+  THStJU)  ^  where  e  is  the  relaxation  strength,  T(U)  is  a  relax- 

0 

ation  time  given  by  the  Arrhenius  law  t<£/)  =  T„  exp  $U  ,  nW)  characterizes  the  dis¬ 
tribution  of  energy  barriers  V.  Usually  n(U)  is  taken  as  a  constant.  I  found  it  is 

/2  1  y* 

better  to  choose  a  gauss ian  distribution  n(V)  =  \J—  —  exp-  where  a  has  to  be 

determined  by  the  experiment. 


Figure  2 
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3.  Interpretation .  —  The  whole  set  of  results  presented  In  Figures  1  and  2  Is 
described  with  the  theory  outlined  above.  C ,  Kx,  X,,  e ,  t,  and  0  are  used  as  free 
paraaeters  in  the  numerical  confutation.  In  fact  C  is  given  by  the  logarithaic 
increase  of  the  velocity  at  the  lowest  temperatures,  while  the  product  txC  is  deter¬ 
mined  from  the  attenuation  in  the  sane  teaperature  range  [2].  It  was  possible  to 
Obtain  a  good  fit  (shown  by  the  solid  lines  in  Fig.  1)  of  the  attenuation  results 
when  the  attenuation  due  to  an  Arrhenian  process  with  a  gaussian  distribution  of  the 
energy  barriers  was  added  to  the  relaxational  attenuation  due  to  the  TLS.  The  best 
agreement  was  obtained  with  Cj  *=  5.5  •  10"s  ,  Kx  «  1.5  •  10l#  K_1  s-1 , 

JC,  -  2  •  10*  K-’  s_t  ,  e  -  4.4  •  lO-*  ,0  =  5*  10_ls  erg  and  T#  -  3.5  •  10-n  s  . 

Then  the  velocity  change  was  calculated  with  the  same  set  of  parameters.  The 
logarithmic  resonant  contribution  was  also  added.  A  good  fit  was  obtained  for  temper¬ 
atures  up  to  4  K.  At  higher  temperatures  the  observed  decrease  of  the  velocity  was 
faster  than  the  calculated  one.  A  good  fit  (shown  by  the  solid  lines  in  Fig.  2)  up  to 
40  K  was  obtained  when  a  decreasing  term  varying  as  1.6  •  10“*  T2  was  added  to  the 
three  preceding  contributions.  Such  a  velocity  variation  was  expected  in  a  metal  as 
an  electronic  contribution  to  the  elastic  constant  [7]. 

Thus  a  satisfactory  agreement  is  obtained  between  the  calculated  curves  and  the 
experimental  results  in  PdSICu  for  both  the  attenuation  and  the  velocity  change  at 
various  frequencies  in  an  extended  temperature  range.  From  the  preceding  interpreta¬ 
tion  a  question  arises.  Have  the  TLS  and  the  particles  involved  in  the  Arrhenius 
process  a  common  origin  7  The  procedure  given  above  assumes  the  answer  is  negative 
because  the  different  contributions  of  the  attenuation  (or  velocity)  are  added.  In 
the  opposite  case  not  the  attenuation  (or  velocity)  but  the  relaxation  rates  have  to 
be  added.  Such  a  possibility  has  not  net  been  explored,  but  it  will  be  the  purpose 
of  further  r  ■  ch. 
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POLARIZED  RAMAN  SCATTERING  STUDIES  OF  FLUOROZIRCONATE  AND  FLUOROHAFNATE 
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Abstract  -  We  report  polarized  Raman  spectra  for  a  set  of  heavy-metal  multi- 
component  fluoride  glasses,  containing  the  fluorides  of  hafnium,  zirconium, 
barium,  lanthanum  and  thorium.  All  the  glasses  have  a  dominant  peak  In  their 
VV  spectrum  In  the  vicinity  of  580 .cm-1  with  a  corresponding  deep  minimum  In 
their  depolarization  spectrum.  Hie  spectra  are  relatively  depolarized  from 
near  200  cm-1  to  400  cm'1. 

1.  Introduction  -  Many  reports  have  appeared  recently  dealing  with  preparation  and 
characterization  of  multicomponent  heavy-metal  fluoride  glasses*,  specifically 
fluorohafnates  and  fluorozfrconates.  In  which  HfF*  or  ZrF*  Is  the  primary  consti¬ 
tuent,  the  secondary  component  Is  BaF2»  end  the  other  components  are  the  fluorides 
of  rare-earths,  group  III  elements  or  alkalis  (either  singly  or  In  combination). 

One  Important  prospective  attribute  of  these  glasses  Is  continuous  high  transpar¬ 
ency  over  an  unusually  wide  range  of  frequencies  spanning  the  mld-IR  to  the  near 
UV.  In  particular,  the  Infrared  characteristics  are  of  Interest  for  a  wide  var¬ 
iety  of  applications  ranging  from  laser  windows  to  Infrared  fiber  optics.  Here 

we  report  selected  results  of  polarized  Raman  studies  aimed  at  obtaining  Infor¬ 
mation  about  the  fundamental  vibrational  characteristics  of  this  relatively  new 
family  of  glasses. 

2.  Experiment  and  Results  *  The  glasses  utilized  In  the  present  study  were  syn¬ 
thesized  at  RADC  and  Catholic  Unlv.  from  high  purity  oxide  or  fluoride  starting 
materials  utilizing  procedures  described  In  detail  elsewhere1.  Samples  several 
cm  In  diameter  and  2-4  mm  thick  were  prepared  of  compositions  selected  from  the 
center  of  the  glees  formation  regions.  These  compositions,  denoted  as  ZBT,  OT, 

ZBL  and  WL  are  Indicated  In  Table  1. 

Table  1.  Fluoride  Hass  Comeesltloes _ 


- Zr?T 

BaF2 

•^rsrr 

’1 ITT' 

-Ta?j 

WL 

33.75 

— 

57.5 

8.75 

WT 

—  .  33.75 

8.75 

57.5 

— 

ZBL 

57.5 

33.75 

— 

8.75 

ZBT 

57.5 

33.75 

8.75 

.. 

Polarized,  Ramon  spectra  were  taken  In  the  90*  scattering  geometry  utilizing 
a  Spex  1400  Spectrometer  In  conjunction  with  an  argon-ion  laspr  and  a  cooled  AUJO 
photomultiplier;  the  spectral  slit  width  wes  -  5  cm*1.  The  polartzod  W  spectre 
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are  shown  In  Fig.  1.  A  susmary  of  the  Raman  data  on  these  glasses  Is  presented  In 
Table  II.  The  corresponding  depolarization  ratio,  p  (which  Is  the  ratio  of  H V  to 
VV  Intensities)  Is  shown  In  Fig.  2. 

Fig.  1.  Polarized  VV  Raman  spec- 
POLAR1ZED  RAMAN  SPECTRUM  trum  vs.  frequency  shift  for  four 

fluoride  glasses. 


Fig.  2.  Depolarization  ratio  vs.  fre¬ 
quency  shift  for  four  fluoride  glasses. 


T7f|.rmf m  niii 

- H5T 

VV 

HV 

- n 

VV 

it ZBL 

HV  VV  HV 

ZBT 

VV 

HV 

577V.P 

578V.P 

577v,p 

57«v,p 

480w 

490a 

480m 

480m, 

400w 

400m 

400w 

400m  390m  380m 

2scm 

260m 

250m, sh 

25Qn  235w,sh 

230w,sh 

200w 

200a 

200w 

200m  ZOOm 

200m,sh 

loom 

I60a 

160m 

loam 

100a 

Symbols: 

o^elerlzed.  w  medium,  w^veak 

,  sh-sheulder 

3.  Pi  scuts 1 on  -  A11  of  the  W  spectra  art  dominated  by  mi  interne  peak  near  580 
carl  which  Is  associated  with  a  corresponding  deep  minimum  In  the  depolarization 


ratio.  The  position  of  this  peak,  amd  the  major  feetuers  of  all  of  the  spectra  are 
similar  for  both  hafnium  as  wall  as  zirconium  fluoride  based  glasses.  This  un¬ 
expected  result  may  Indicate  a  weakening  of  the  force  constants  In  ZrF4  as  opposed 
to  WF4  glasses.  The  effect  bn  the  spectrum  of  changing  the  third  component  (LaF3 
or  ThF4)  Is  relatively  small,  as  Is  the  case  for  IR  reflectivity2. 

The  depolarization  spectrum  of  any  isotropic  disordered  material  Including 
glosses,  llqeldl  aM  fates  thoeld  he  characterized  by  0  <  p  <  3/4,  Milch  Is  Indeed 
tNr  cask  with  the  glatlet  studied  here.  The  sharp  pronounced  dim  mum  in  p(w)  near 


~  590  cm-1  corresponds  to  the  peak  at  ~  580  cm-1  In  the  VV  spectrum.  Based  on 
molten  salt  data^,  it  may  be  identified  with  symmetric  stretching  modes  of  the 
MFy*-x  coordination  species  (where  x  =  6  to  8).  Specifically,  the  latter  suggests 

*  p 

that  the  dominant  peak  be  principally  assigned  to  totally  symmetric  MFg4-  stretch¬ 
ing  modes, in  general  agreement  with  crystalline  peaks  reported*  in  the  range 
570-590  cm-*  for  both  ZrFg^"  and  HfFg^-.  The  large  width  of  this  line  60  cm-*) 
compared  to  that  of  crystals  (10  to  20  cm-*)  is  an  expected  attribute  of  a  dis¬ 
ordered  system.  The  depolarization  spectrum  suggests  that  the  broad  Raman  bands 
below  400  cm-1  are  not  primarily  due  to  symmetric  modes.  Thus,  contributions  of 
Ba-F  symmetric  modes,  which  would  be  expected  to  occur  in  the  general  vicinity  of 
250  cm*1,  are  not  evident  in  the  current  spectra.  The  low  frequency  modes  are 
more  likely  attributable  to  bending  vibrations  of  Zr  or  Hf  with  F.  It  is  also 
interesting  to  note  the  relative  feature less ness  of  both  the  Raman  and  IR  spec¬ 
tra  of  multicomponent  glasses  like  ZBT,  HBT,  ZBL  and  HBL.  This  could  be  attribu¬ 
ted  to  near  coincidences  of  the  fundamental  mode  frequencies  of  various  compo¬ 
nents,  and/or  the  one-mode  behavior  characteristic  of  certain  mixed  systems. 

Finally,  we  note  that  IR  spectra  display  two  broad  peaks  In  the  high  (400-600 
cm-1)  and  low  (150-300  cm-1)  frequency  regions.  The  Raman  features  in  the  vicin¬ 
ity  of  580  and  250  cm"1  fall  In-between  the  TO  and  10  modes  deduced  from  reflec¬ 
tivity.  This  behavior  is  similar  to  that  manifested  in  crystalline  alkaline  earth 
fluorides,  where  the  Raman  mode  also  falls  In-between  the  corresponding  To  and  LO 
nodes  of  the  crystal. 
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Abstract.-  Thermal  conductivity  measurements  have  been  carried  out  between 
80  mK  and  30  K  in  quartz  after  y»  electron  and  neutron  irradiation  at  diffe¬ 
rent  doses.  All  the  samples  were  natural  quartz  of  the  same  origin,  in  order 
to  rule  out  the  effects  of  different  sample  state.  Electron  and  neutrons  cause 
an  additional  phonon  scattering  which,  below  IK,  can  be  explained  by  the  pre¬ 
sence  of  tunneling  states  similar  as  in  amorphous  solids  but  which  is  very 
different  above  IK,  indicating  the  different  origin  of  the  glassy  "plateau". 
Y'-irradiation  does  not  induce  a  detectable  nuaber  of  tunneling  states. 


Introduction.-  In  order  to  come  to  a  better  understanding  of  the  microscopic  origin 
of  the  tunneling  states  in  amorphous  solids  some  attention  has  been  directed  to  cry¬ 
stalline  quartz  which  is  locally  disordered  by  high  energy  neutrons  and  electrons, 

1-4 

showing  similar  low  temperature  dynamical  properties  .  It  is  observed  thereby 

that  there  are  differences  between  the  experimental  results  of  different  authors 

3  5 

for  similar  experimental  conditions  ’  and  also  that  some  findings  are  attributed 

4  S 

to  impurities  and  inclusions  ’  showing  the  influence  of  the  smsple  state.  There¬ 
fore  we  want  to  report  here  a  set  of  results  of  thermal  conductivity  measurements 

after  different  kinds  of  irradiation,  all  on  samples  of  the  same  origin.  In  addition 

1  2 

in  one  of  the  neutron  irradiated  samples  ultrasonic  saturation  experiments  without  * 

and  in*  a  magnetic  field  have  been  curried  out  previously  and  the  number  of  tunneling 

2 

states  and  their  coupling  constant  to  phonons  has  been  determined  . 

Experimental  results.-  The  thermal  conductivity  K  measur aments  have  been  carried  out 

between  80  mK  and  30  K  and  the  results  are  given  in  fig.  1  (a  and  b).  Part  of  the 

3  6 

data  have  been  reported  before  ’  .  All  are  natural  Brasilian  qnartz  rods  of  the 
same  origin,  3am  in  diameter  and  about  8mm  in  length  .  The  value  of  K  at  the  maxi¬ 
mum,  for  the  virgin  sample,  ia  similar  to  that  found  in  earlier  measurements  taken 

3 

into  account  the  nailer  dimensions  of  the  present  samples.  Between  0.4  and  3K  a  T 

behavior  typical  for  boundary  scattering  is  found  and  the  data  agree  well  with  the 

values  for  the  boundary  scattering  calculated  from  the  elastic  constants  (Casimir 

limit).  This  alao  implies  that  we  find  no  evidence  for  the  presence  of  inclusions 

as  observed  before  in  synthetic  samples*.  Using  y~i*radiation,  the  effect  of  purely 

ionising  irradiation  was  measured  (until  now  only  measured  above  IK).  The  two  diffe- 
6  8 

rent  doses  5.9  x  10  and  2.1  x  10  Roentgen  give  the  sane  result,  so  that  saturation 
is  already  achieved.  The  thermal  conductivity  is  little  affected  above  IK  and  not  at 
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Fig,  1.  Thermal  conductivity  aa  a  function  of  temperature:  V:  unirradiated 

■ample,  Ej  and  E2:  electron  irradiated;  N),N2,N3:  neutron  irradiated; 

G:  glaaa  sample.  Irradiation  dose:  see  table  1.  Solid  lines  are  calculated 

to  fit  the  experiments . 

all  below  IK,  were  the  data  for  the  virgin  sample  are  reproduced. 

Electron  and  neutron  irradiation  induce  in  the  whole  tmeperature  range  an  addition- 
nal  phonon  scattering  which  increases  with  increasing  dose,  and  is  remarkably  diffe¬ 
rent  above  IK  but  shews  simularities  below  IK.  Above  IK,  in  the  neutron  irradiated 
samples,  a  plateau  appears,  similar  to  glasses,  as  already  known  . 

Discussion.-  A  computer  fit  was  made  using  the  full  Debye  expression  for  the  ther¬ 
mal  conductivity,  starting  from  a  fit  for  the  virgin  sample  and  introducing  an  ad¬ 
ditional  scattering  mechanism  to  account  for  the  radiation  damage:  Y"1  -  Gw  and  an 
increase  of  the  point  defect  term  A,  the  Casiair  tern  being  kept  at  the  calculated 

value.  The  results  are  reported  in  table  1  and  in  fig.  1  (some  only  partly  for  cla- 

3 

rity).  More  details  about  the  fitting  procedure  are  given  in  a  previous  paper  . 

At  the  very  lowest  temperatures  the  fit  underestimates  the  value  of  the  thermal  con¬ 
ductivity  as  well  In  the  virgin  sample  aa  in  die  irradiated  samples  (see  also  fig. I 
in  the  previous  paper3).  This  effect  is  usually  attributed  to  specular  rtf lection 
and  will  not  be  discussed  in  more  detail  here.  Apart  from  this  small  departures  it 
was  found  that  in  the  case  of  the  electron  irradiated  samples  the  expected  Kayleigh 
scattering,  due  to  point  defects  alone,  can  not  explain  the  data  end  that  a  constant 
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Table  1 


Sample 

dose+ 

(cm-2) 

A 

(s3) 

A"Ao 

(s3) 

"oM2 

(erg/cm-5) 

(n„M2)exp  * 

(n0FTi)vitr.sii. 

glass 

00 

0 

-v  1 

,  -45 

virgin 

2.7  X  10 

0 

“ 

“ 

y 

saturation 

“44 

2.7  x  10 

2.4  x  10~44 

<  1  x  104 

<  1  x  10-4 

Ei 

3x10*  ^electr. 

“44 

1.7  X  10 

1.4  x  10-44 

2.6  x  106 

0.022 

E2 

1 .8xl070electr . 

-44 

3.4  x  10  ** 

3.1  x  10"44 

8.8  x  106 

0.073 

N, 

1 8 

1x10  neutr. 

_ 

2.7  x  106 

0.023 

2 

N3 

1 8 

4x10  neutr. 

- 

5.8  x  106 

0.048 

ni 

1 8 

6x10  neutr. 

1 .3  x  107 

0.065  , 

from  longit .ultrasound  exp  j 

+  electron  energy  2  MeV;  neutrons  with  energy  >  0.1  MeV;  neutron  dose  N3  is  pre¬ 
liminary 

*  nj\2  -  1.2  x  10®  erg/cm-*  is  a  calculated  mean  value. 


density  of  states  of  TLS(two  level  states)  similar  as  in  glasses  can  fit  the  re- 
suits  .  From  G  a  value  for  the  coupling  strenght  n^2  Df  the  TLS  with  the  thermal 
phonons  is  obtained(see  table  1).  For  the  neutron  irradiated  samples  a  similar  fit 
was  carried  out  but  only  for  the  temperatures  below  IK  since  the  "platecu"  i  1  glas¬ 
ses  is  not  yet  understood.  A  constant  density  of  state.?  of  TLS  can,  also  in  this 

case,  fit  the  data.  This  is  in  agreement  with  earlier  findings  which  show  that  TLS 

12  4 

are  present  in  neutron  irradiated  quartz  ’  ’  .  For  the  Y-irradiated  samples  no  evi¬ 
dence  for  the  presence  of  TLS  was  found  up  to  saturating  dose  which  puts  an  upper 
limit  to  the  number  possibly  present  (see  table  1). 

It  is  surprising  that  in  spite  of  the  very  different  damaging  processes  both 
neutron  and  electron  irradiation  induce  TLS.  Indeed  neutrons  cause  displacement  cas¬ 
cades  and  therefore  extended  damage  zones,  which  might  be  amorphous,  as  recently  ob- 
9 

served  , while  electrons  are  expected  to  cause  rather  simple  defects. 
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SURFACE  POLAR I  TONS  IN  IRRADIATED  a-QUARTZ 

V.  Umadevi,  R.  Kesavamoorthy,  A.K.  Sood  and  G.  Venkataraman 
Reactor  Research  Centre ,  Kalpakkam  603  102 ,  Tamil  Nadu,  India 


Abstract*-  surface  polaritons  (SP)  in  charged  particle  irradiat¬ 
ed  *C -quartz  and  fused  quartz  have  been  studied  using  the 
attenuated  total  reflection  (ATR)  method.  It  is  found  that  on 
irradiation  SP  frequency  decreases  and  linewldth  increases. 

Some  evidences  point  out  that  on  irradiation  «t-and  fused 
quartz  tend  to  become  disordered  in  a  similar  way. 


1.  Introduction.-  It  is  by  now  well  known  that  at  a  boundary  between 

two  media  with  dielectric  constants  ^  ^2  ^  °»  surface  polari¬ 

tons  ( SPOi.propagate  down  the  surface.  Vfe  report  below  our  studies 
on  the  surface  polaritons  in  ion-bombarded  -quartz  and  fused 
quartz  by  ATR  technique  in  the  spectral  rangp  of  1400-180  On-1. 

I 

2.  Experimental .-  Irradiations  were  done  in  4  Sbmes  J-15,  150  keV 

neutron  generator  modified  for  charged  partible  wbrk.  100  keV  argon, 

helium  and  deuterium  ions  have  been  used  in  this  study  to  a  dose 
*1.7  2 

^10  ions/ On  .  ATR  spectra  of  single  crystals  of  -quartz  cut 
with  the  optic  axis  lying  in  the  plane  of  the  sample  were  recorded  in 
a  Iterkin- Elmer  model  580  spectrophotometer  before  and  after  irradia¬ 
tion.  The  ATR  set  up  used  is  a  25  reflections  unit  with  a  KRS-5 
crystal.  All  the  spectra  reported  here  are  recorded  at  a  fixed  angle 

O 

of  incidence  (30  ),  corresponding  to  a  fixed  wave  vector. 

3*  tesults.-  Figure  1  shows  the  ATR  spectra  of  oC  -quartz  before  and 
after  charged  particle  irradiation.  The  ordinary  ELtype  SP  at  1160, 
1145,  805,  690,  485  and  400  On”1'  are  seen  clearly  in  the  unirradiated 
spectrum.  Deuterium  ions  seem  to  be  more  effective  than  argon  or 
helium  ions  in  causing  damage.  The  general  feature  observed  on  irra¬ 
diation  is  that  the  SP  frequencies  shift  to  lower  values  and  that  the 
lines  are  broadened.  It  can  also  be  seen  (figure  2)  that  the  SP  in 

_  i 

the  spectral  range  of  1200-1000  On  change  significantly  compared  to 
the  modes  in  the  other  regions. 
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Flo.  1  !  ATR  spectra 
of  unirradiated  and 
irradiated  OC  - 
quarts. 


WAVE  NUMBER  (»*em^) 

Shown  in  figure  3  are  the  ATR  spectra  of  fused  quartz  recorded  simi¬ 
larly.  Ffere  also  the  SP  frequencies  decrease  and  linewidths  increase 

on  irradiation  can  be  seen  distinctly.  The  asymmetry  on  the  higher 

—1 

frequency  side  of  the  SP  at  ~  1140  On  suggests  the  possible  pre¬ 
sence  of  another  mode  similar  to  -quarts,  indications  are  that 
both  o C  -quartz  and  fused  quartz  attain  a  common  disordered  structure 
on  irradiation.  Che  could  speculate  that  this  is  a  random  structure 


nm.oteiMv.A/fcWW)  < 
HHMMMW.h/  MaW/aJ) ' 
OMlMkaV.O*  1 


Fla.  2  »  ATR  spectra 
of  unirradiated  and 
irradiated  oC -quartz 
in  spectral  range 
1300  -  1050  Qn-1 


ns  its  n.t 

wave  NUMBS  It  i  rf  <4 1 


;v“  r  ■ 
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Fig,  3  :  ATR  spectra 
of  unirradiated  fused 
quartz. 


with  dangling  bonds. 

4.  Discussion.-  irradiation  changes  the  specular  reflectivity  spectra 
ai 3o^.  Dielectric  constant  (£)  calculated  from  the  bulk  reflectivity 
data  using  If amers-Mronig  analysis  does  not  account  for  the  observed 
changes  in  the  ATR  spectra.  Tie  same  conclusion  was  arrived  at  by 
Zhizhin  et  al2  in  nitrogen  irradiated  cC  -quartz.  As  the  projected 
range  of  the  particles  used  for  irradiation  is  smaller  than  the  skin 
depth  of  infrared  radiation  at  these  frequencies,  it  is  proposed  to 
analyze  the  bulk  reflectivity  data  itself  on  the  basis  of  a  two  layer 
model.  The  £  obtained  thus  should  be  used  to  generate  ATR  spectra 
calculated  for  a  three  interface  case.  After  generating  complete 
dispersion  curve  data,  efforts  will  be  made  to  analyze  our  data  on 
these  lines. 
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RENORMALIZATION  GROUP  METHOD  FOR  VIBRATIONAL  BEHAVIOR  IN  MIXED  CRYSTALS 


D.  Schmeltzer  and  R.  Beserman 

Solid  State  Institute  and  Physics  Department,  Teohnion  -  Israel  Institute  of 
Technology ,  Haifa,  Israel 


Abstract-  The  renormalization  group  method  has  been  applied  to 

investigate  vibrational  properties  of  a  diatomic  mixed 
crystal.  It  has  been  found  that  there  exista  a  fixed 
point  which  separates  the  one  mode  behavior  from  the 
two  mode  behavior.  This  transition  depends  on  concentration, 
force  constants  and  mass  ratios. 

It  is  shown  that  a  fixed  point  exists  which  separates  the  extended  mode  behavior 
from  a  localized  one  which  is  Interpreted  as  a  transition  from  the  one  mode  to  two 
mode  behavior. 

We  propose  here  a  new  criterion  based  on  the  renormalization  group  method (R.G), 
this  gives  an  unstable  fixed  point  of  transition  from  one  mode  to  two  mode  behavior. 

We  find  a  transition  from  one  mode  behavior  to  two  mode  behavior  for  given  mass 
ratios  and  force  constants  (therefore  the  same  crystal)  as  depending  on 
concentration  (Fig.  2).  This  fact  is  able  to  explain  qualitatively  the  transition 
found  experimentally  in  InSbAs  .  We  perform  the  renormalization  group  trans¬ 
formation  in  one  dimension  and  (with  one  force  constant  K*)  for  d-3  we  use  the 
Mlgdal  Radano  point  moving,  technique. 

Our  R.G.  Transformation  consists  in  comparing  the  eigenvalues,  coupling  constants 
and  probability  distribution  of  the  initial  lattice  with  those  of  a  new  one  of 
spacing  S(  ^1)  times  larger  than  the  original. 

We  consider  the  mixed  crystal  AB^C^^  is  the  constant  mass  and  the  random 
mass  Mjd)  is  with  probability  s  or  with  probability  1-e, 


We  define  e  disorder  parameter  (The  root  mean  square  deviation  of  the  optical 
mode  normalized  by  the  effective  coupling  between  the  nearest  cells).  We  study 
the  transformation  for  a  change  of  the  scale  of  the  lattice  constant 

a>*Sa. 
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The  function  R(A)  describes  Che  transition  from  one  mode  to  two  mode  behavior. 

We  can  physically  explain  this  claim  as  follows:  the  apparition  of  .a  localised 
mode  is  the  condition  for  a  two  mode  behaviour.  Tor  a  localised  mode, ' distant 
regions  are  uncoupled  for  our  effective  chain  (the  correlation  function  decreases 
exponentially) .  We  calculate  the  coupling  constant  between  distant  cells  as  a 
coupling  adjacent  cells  in  a  given  state  of  the  R.G.  transformation;  increasing 
the  size  of  the  cell  during  the  transformation,  we  obtain  a  decrease  of  teff(d»3) 
an  increase  of  A  and  therefore  R(jl  o.  (teff  is  the  coupling  constant  between  the 
cells). 

For  a  one  mode  behavior  (one  type  of  osci)tation)a  long  correlation  .exists  and 
teff^<*  ^  decreases  slowly  relatively  to  the  decrease  of  the  root  mean  square 
deviation  of  the  oscllatlon  frequencies, A  decreases  and  R{A)^0. 

The  fixepoints  R (A$«o  occur  at A~o,  AsaO  (one  mode,  two  mode)  and  the 

unstable  fix  point  at  A  -  Ac 4  o  , 0^> ®  /«»  A  >Ac  S(A)  A* Ac) 

which  describes  the  point  of  transition  from  one  mode  to  two  mode  behaviour. 


For  a  given  z,<5  we  find  A  for  which  R(A  )-o  and  respectively  the  value  of 

(  A*A(g,#,  J")  ). 

We  plot  a  graphfc  H  for  constant  z  and  a  graph  of  z ,  JY-r.-O  for 

constants®  m 


Fig.  1  shows  our  results  for  Z-0.5  which  are  compared  to  the  K.R.E.I.  and  C.P.A. 
models.  Fig.  2  shows  the  results  for*  -1,  which  might  explain  the  behaviour  of 
the  crystal  InSb  As.  whose  andJ-0.38  and  has  been  found  to  behave  one 

2  i  "I 

mode  for  Z-0.25  and  two  node  for  Z"0.85. 

We  mention  that  our  approximation  might  change  the  value  of  the  uneteble 
point  A  z ^  (to  smaller  Ag  )  end  as  a  result  tbs' function  Z  “  Z (J) 

(Fig.  2),  appaars  to  be  shifted  upwards  for  close  to  1,  «t  sgpr«wr1yit(sn 
involves  leee  deeorder. 

■«.  ..  .  ,  ,  \ 
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COHERENT  POTENTIAL  APPROXIMATION  AND  STRONGLY  ANHARMONIC  SYSTEMS  : 
CRYSTALS  OF  PARA-HYDROGEN  AND  NEON  RESP.  HYDROGEN  ATOMS 

K.  Hum  and  W.  Bin 

Institute  of  Theoretical  Physios,  University  of  Giessen,  D-6300  Giessen,  P.R.G. 

Abstract.-  For  mixtures  of  p-hydrogen  and  neon  in  the  solid 
state  phonon  calculations  have  been  performed  by  combining  the 
CPA  and  the  self  consistent  phonon  approximation  (SCP)  to  include 
the  strong  anharmonicity  of  the  system.  The  structure  changes  and 
the  phonon  spectrum  have  been  calculated  as  function  of  the  con¬ 
centration.  The  method  has  also  been  applied  to  mixtures  of  p-H„ 
and  hydrogen  atoms.  * 

Under  the  solids  which  are  known  to  be  quantum  crystals  there  are 
several  systems  of  two  or  more  kinds  of  molecules  statistically  mixed 
on  the  lattice. positions,  e.g.  o-H2,  p~H2  mixtures,  H2~D2,  H2~Ne  mix¬ 
tures.  These  systems  are  strongly  enharmonic  because  of  changing  force 
constants  as  function  of  the  mean  distance  of  the  molecular  pairs  and 
of  the  large  amplitudes  of  the  zero-point  motion.  To  calculate  their 
phonon  resp.  roton  spectra  the  theories  of  statistically  disordered 
crystals  which  are  harmonic  have  to  be  generalized  to  take  into  ac¬ 
count  strong  enharmonic it iea. 

The  single  site  coherent  potential  approximation  (CPA)  is  well 
known  to  be  the  best  working  method  to  calculate  phonon  spectra  of  dis¬ 
ordered  crystals  abstracting  from  its  weakness  in  describing  pair  and 
clustering  effects.  We  have  combined  the  CPA  and  the  self-consistent 
phonon  approximation  (SCP)  to  get  a  first  insight  into  the  dynamics  of 
enharmonic  anu  disturbed  crystals  of  two  compounds. 

One  of  the  simplest  disturbed  systems  seems  to  us  to  be  the  p-hy¬ 
drogen  neon  system  since  the  pair  potentials  are  roughly  equal  and  the 
mass  ratio  is  1o  ("isotopical  disorder").  The  large  mass  ratio  produces 
a  big  difference  in  the  zero  point  motion.  Therefore,  the  structure  in 
the  neighbourhood  of  one  guest  molecule  in  a  host  crystal  is  strongly 
changea  and  with  it  the  force  constants.  We  have  simplified  the  prob¬ 
lem  to  a  certain  extent  to  reduce  the  numerical  difficulties t  the 
structure  has  been  face  centered  cubic  for  all  concentrations  though 
high  hydrogen  concentrations  are  stable  in  the  hexagonal  closed  packed 
structure.  We  have  used  always  the  regular  cubic  point  symmetry  for 
every  lattice  site  occupied  by  a  guest  molecule.  We  have  not  considered 
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refined  quantum  effects  (no  quantum  diffusion) .  This  may  turn  out  to 
be  too  much  simplification:  There  may  occur  deviations  from  statis¬ 
tical  mixing  through  correlations  -  static  or  time  dependent.  But  the 
problem  remains  complicated  enough  and  the  numerical  problems  grow 
considerably  with  the  model  of  the  neighourhood  of  the  guest  molecule. 
We  have  started  with  a  model  where  only  the  nearest  neighbours  could 
relax.  This  model  turned  out  to  be  to  rigid:  the  global  lattice  con¬ 
stant  changed  too  much,  the  frequencies  changed  partly  in  a  wrong  di¬ 
rection.  Therefore,  we  introduced  another  model  with  relaxations  up 
to  the  fourth  neighbour  shell.  All  static  and  dynamic  displacements 
were  restricted  not  to  violate  the  cubic  symmetry. 

Since  hydrogen  forms  quantum  crystals,  the  short  range  correla¬ 
tions  have  to  be  taken  into  account.  We  have  done  this  with  Jastrow- 
factors  of  an  appropriate  kind. 

The  whole  calculation  turned  out  to  be  a  voluminous  one  to  be 
solved  self  consistently  with  several  variational  parameters:  the  lat¬ 
tice  constant  a,  the  static  displacements  from  the  lattice  points  of 
molecules  in  four  shells  in  the  neighbourhood  of  a  guest  molecule  AR^  ^ 
the  width  parameters  rAj  of  the  displacement-displacement  correlation 
function,  and  the  parameters  in  the  Jastrbwf actor.  The  iteration  pro¬ 
cedure  turned  out  to  be  very  difficile  ana  special  tricks  had  to  be 
used  to  reach  convergence.  Calculations  were  performed  mostly  on  the 
We-(p-H2)  system,  a  few  on  p-H2~(Ne)  and  on  p-H2-(H  atoms).  The  table 
contains  the  static  structural  changes,  the  figures  show  the  spectra 
of  the  crystals,  some  Jastrowf actors  and  the  comparison  of  the  mean 
lattice  constant  from  which  follows,  that  the  model  with  relaxation  of 
four  shells  is  necessary  to  describe  the  local  displacement  field  of 
the  point  defect  formed  by  a  guest  molecule. 


1 

1 

s 

* 

5 

4 

7  41 

c(t) 

•ill 

f~  '  jtto»l«BCMat  e«^^nei^HS^r5^~, 

4*1*1 

mi  shir 

of  It¬ 
erations 

Short  range 
correlations 
"l-". 

waoerftaiMs 
of  s  mi  M 

t> 

0 

I.IU1 

0.0 

0.0 

0.0 

0.0 

31 

1 

4.4543 

0.0545 

0.0102 

0.0354 

^M.IO 

5 

<  •  0.143 

Si  >0.00004 

s 

4.4*05 

0.0551 

0.0094 

0.0523 

0.0405 

« 

0.134 

A*  >0.0005 

10 

*.*442 

0.0555 

0.0047 

0.0334 

0.0404 

(41 

0.144 

20 

4.4400 

0.0527 

0.0104 

0.0333 

0.0403 

• 

0.151 

31 

s 

4.4744 

0.01*1 

— 

— 

— 

5 

a  •  0. 159  31 

s.SHi  *0.00405 

10 

4.5047 

0.0147 

— 

— 

— 

4 

0.140 

c  •  toil 

20 

4.5725 

0.0123 

— 

— 

— 

<! 

0.145 

s.aHi  >o.oooi 

40 

4.4540 

0.0044 

— 

— 

— 

• 

0.177 

<l  i) 

• 

5.2441 

44 

0.0 

0.0 

0.0 

pfljHMalf 

io 

5.224 

>0.074 

0.054 

0.005 

0.001 

(311 

Homer  4) 

a, 4Hi  *0.001 

21  *1 

pO{*(ne>e 

10 

5. IMS 

<0.0151 

— 

— 

— 

13 

Homer  41 

a, Mi  >0.00005 

11  Si 

s 

5.5*17 

0.0141 

0.0544 

0.145 

0.0104 

4 

withewr 

a, Mi  tO.0005 

»>  m*I  wit*  4  feta****  shell*  4)  »«  Wte, 

11  Nftel  with  nearest  neighbour  re least loo  only  It  senses tratloo, 

M  lit)  •  espi  -  |«/4i>VU) )  3*  lattice  constant  as  Inaction  of  e, 

41  C (r)  •  e*»t-'r/4t IV ft) !•<*,*  *,r  ♦  a#»,),/*  * 

SI  peeltsisscy  results  only I 


JOURNAL  DE  PHYSIQUE 

Collogue  C6,  supplement  au  n°12,  Tame  42,  dicembre  1981 


page  C6-90 


RAMAN  SCATTERING  FROM  PHONONS  IN  DISORDERED  CsMgj.xCOxClj 

I.W.  Johnstone,  G.D.  Jones*  end  D.J.  Lockwood 

Physics  Division,  national  Research  Council ,  Ottawa,  Canada  K1A  0R6 
'Physics  Department,  Canterbury  University,  Christchurch,  Hew  Zealand 


Abstract.-  Five  zone- cent  re  phonons  have  been  Manured  at  low  temperatures  and 
for  a  range  of  concentrations  In  CsMgj—Co^lj.  Three  K  ~  nodes  and  the  A, 
■ode  all  exhibit  the  expected  one-node  behaviour.  A  new  theory  la  required  to 
explain  the  unusual  concentration  dependence  of  the  phonon  Intensity, 
lines hape  and  polarisation. 


1.  Introduction.-  The  lattice  dynanlcs  of  AKX3  compounds  have  been  widely  studied 
and  aaiqr  possess  the  CaMgClj  structure  (see  figure  1)  of  space  group  Djf^  with  two 
termite  units  In  the  primitive  cell.  A  factor  group  analysis  predicts  Alg+Elg+3E2g 
Raaan  active  nodes.  The  A  lg  and  K  lg  nodes  comprise  chlorine  Ion  notions, 
perpendicular  and  parallel  to  the  c  (Z)  axis  respectively,  while  the  R2g  nodes 
involve  halogen  and  ceslun  Ion  displacements  In  the  hexagonal  (X,T)  plane.  He  have 
studied  the  nixed  crystal  CaMgj^Co^Clj  to  clarify  assignments  of  phonons  In 
CaMgClj1' 2  and  CsCoCl j1' 3  and  thereby  assist  the  Interpretation  of  the  highly 
structured  nagnon  spectrum  of  CaCoClj.3 

2.  Experiment  and  Results.-  Largs  single  crystals  of  Crftgj^Co^Clj  were  grown  with 

concentrations  In  the  ranges  0  <  x  <  0.2  and  0.6  «  x  «  1.  Raaan  spectra  were 
excited  with  100  WW  of  476.5  on  argon  laser  light  In  the  90*  scattering  geometry 
X(**)T,  analysed  with  a  double  monochromator  (2  cm-1  resolution),  and  recorded  under 
computer  control.  Polarised  Ranan  spectra  for  pure  CaMgClj  recorded  at  5  X  allowed 
unaablguous  assignments  of  phonon  Unas  at  55.0,  127.5,  132.0,  189.0  and  255.0  cm-1 
to  symmetry  species  R^,  *2g»  •***  Aig»  respectively.  The  Atj  mods  showed 

no  anomalous  (YX)  intensity  in  contrast  to  that  found  earUer. 3  Figure  2  presents 
part  of  the  results  obtained  for  the  nixed  crystals.  The  scattering  from  R2g  and 
A)^  phonons  follows  selection  rules  for  all  concentrations  and  only  the  Alg  and 

(132  cn-1)  modes  shew  appreciable  frequency  shifts  with  Increasing  x.  AU  of 
thews  phonons  exhibit  one -mods  behaviour  as  predicted  by  theory. * 
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Figure  2  shews  the  dramatic  changes  In  hand  shape  and  Intensity  for  the  Ej^ 
phonon  as  a  function  of  x.  The  single  line  observed  at  127.5  cm- 1  in  (ZX) 
polarisation  for  x  ■  0  becomes  a  pair  of  lines  by  x  “  0.19.  By  x  “  0.63  this  fine 
structure  has  saeared  out  and  the  continuum  of  scattering  to  higher  frequency  is  now 
more  prominent  and  has  equal  intensity  in  (ZX)  and  (YX)  polarisations.  As  x  is 
further  increased  beyond  x  ”  0.8  the  E ,  ^  band  disappears  and  the  continuum  becomes 
weaker,  being  barely  visible  for  x  ■  0.88.  The  intensity  ratio  Izx/'Iyx  for  the  Elg 
phonon  also  changes  with  concentration  end  I^x  *  1^  for  x  >  0.63,  contrary  to 
selection  rules. 


3.  Discussion."  The  degenerate  E  j  mode  has  normal  mode  displacements  of  the  fora4 
Z  j+Z  2~Z ,,-Z g-2Z J+2Z  g  and  «0(Z  j-Zj+Z^-Zg)  using  the  atom  labels  of  figure  1. 

Therefore  the  Raman  cross-section  for  this  mode  should  be  relatively  insensitive  to 
substitution  of  the  divalent  metal  ion,  and  the  other  Raman  active  modes  behave 
sensibly  in  this  respect.  Thus  although  the  t .  mode  frequency  is  concentration 
independent  the  llneshape,  polarlatlon  and  intensity  behave  anomalously. 
Extrapolation  of  oar  data  indicates  a  frequency  of  ~  127  cm-1  for  the  Ej^  mode  in 
CeCoClj,  as  apposed  to  an  earlier  assignment  of  118  cm**1.  1,3,4 


References 

1.  W.  Breitling,  W.  Lehmann,  T.P.  Srlnivasan  and  R.  Haber,  Solid  St.  Coain.  20, 
525  (1976). 


2.  M.H,  Brooker  and  C.-fl.  Huang,  Mat.  Rea.  Bull.  _15_,  9  (1980). 

3.  H.  Breitling,  H.  Lehmann,  T.P.  Srlnivasan,  R.  Weber  and  U.  Durr,  Solid  St. 
Comaun.  24,  267  (1977). 

6.  further  details  are  given  in  I.W.  Johnstone,  C.D.  Jones  and  D.J.  Lockwood,  Solid 
St.  Comaun.  39,  395  (1981). 


JOURNAL  DE  PHYSIQUE 

Colloque  C6,  supplement  au  n°12,  Tome  42,  d&cembre  1981 


page  C6-93 


VIBRATIONAL  EXCITATIONS  IN  a-Si:F  AND  a-Si:F:H  ALLOYS* 


B.K.  Agrawal 

Department  of  Physics,  University  of  Allahabad,  Allahabad,  India 


iba-truat .  -  The  vibrational  excitations  both  in  the  31  bulk 
band  node  region  and  above  it  at  the  impurity  centres  in  the 
various  configurations  for  the  a-Si:F  and  a-3i:F:H  alloys, 
have  been  obtained  by  using  a  bluster  Bethe  lattice  method. 
The  predicted  frequencies  are  in  excellent  agreement  with  the 
available  experimental  data. 


We  consider  here  only  the  nearest -neighbor  central  and  non- 
oentral  foroe  constants.  The  foroe  constants  ohosen  to  reproduce 
the  experimental  frequencies  are  shown  in  Table  I.  Figs.  1  and  2 
exhibit  the  phonon  density  of  states  at  one  Si  atom  and  at  one  F 
atom  in  the  31F,  SiFg  and  31F^  configurations.  All  the  oaloulatad 
localised  mode  frequencies  are  in  excellent  agreement  with  the  data 
of  Shimada  et  all  .It  should  be  noted  that  a  a antral  foroe  oonstant 
chosen  for  each  configuration  gives  rise  to  two  localised  frequen¬ 
cies  in  3iFg  and  3ig^  configurations  in  agreement  with  the  measured 
frequencies. 


We  then  calculated  the  phonon  density  for  3iFH  and  SiFgH  confi¬ 
gurations  (Figs.  3a  and  3b)  respectively.  The  oentral  and  angular 


ftg.,  1  Local  phonon  den¬ 
sity  of  states  for  3iF 
configuration.  The  conti¬ 
nuous  and  dashed  curve a 
depiot  the  densities  at  F 
and  31  atoms,  respectively 
for  -  4.43  X  105  dyn/om, 

?!  -  0.34  x  105  dyn/om  where 
he  resonanoe  mode  appears 
at  224  am"1.  (The  value  of 
0  is  here  different  from 
that  of  Table  I  ia  the  text). 
The  small  dashed  lines  at 
31  atoms  show  the  oonneotion 
to  the  Bethe  lattioe. 


*  Work  supported  in  parts  by  Soienoe  Research  Council ,  T7.K.  and  by 
Oh i  varsity  Oran  to  Commission,  Hew  Delhi. 
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Table  I  -  Assignment  of  tbs  measured  frequencies  against  the  various 
oon figurations  in  a~3i:F  and  a-31:F:H  alloys.  eC.  and  0 
denote  the  o entral  and  angular  foroe  constants,  respec¬ 
tively. 


Confi¬ 

guration 

Foroe  constants 
Bond  (105  dyn/om) 

*  3 

Re son an  oe  and 
(cm-1) 

localised  frequencies 

Calculated 

Measured 

a-Si 

Si-Si 

1.40 

0.17 

510 

490 

3iF 

3i-F 

4.43 

1 .01 

300 

300b 

830 

850a,828b,830°'d 

3iF2 

3i-F 

5.40 

1.01 

300 

300b 

330 

325a  (tentative) 

868 

870  (827)“ 

968 

965 , ( 920)a, 930b, 950°, 975d 

3iF3 

3i-F 

5.71 

1.01 

300 

375 

300b 

380b 

520 

515a,510b 

840 

838a 

1016 

1015a,d, 1010b,c 

3iFH 

3i-H 

2.27 

0.43 

529 

5l5a,510b 

3i-F 

4.43 

1 .01 

792 

828b 

877 

890b,900d 

902 

2000 

1985b,2000d 

SiFgH 

3i-H 

2.48 

0.43 

300 

300b 

3i-F 

5.40 

1.01 

330 

325a  (tentative) 

385 

380b 

529 

51 5a, 51 0b 

820 

823b 

839 

840b 

908 

890b, 900d 

992 

975d 

2090 

2090b, 2100d 

a  t  reference  (l) 

b  j  reference  (2) 

o  t  reference 

(3) 

d  :  reference  (4) 
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foroe  oonstants  for  tha  31-H  bond  were  first  fitted  to  reproduoe  the 
experimental  frequencies  in  3iH,  SiHg  and  SiH^  o on figurations  in 
pure  hydrogenated  Si  material,  i.e. ,  630  om" 1  and  2000  oa-1  for  3iH, 
and  850  om~' ,  890  oa"'  and  2090  cm"'  for  3iHg.  for  the  3iB^  confi¬ 
guration  the  oaloulated  frequencies  are  875  on*',  910  om-1  end  2140 
cm-1.  For  the  3i-F  bonds,  the  values  of  the  force  oonstants  were 
chosen  similar  to  the  pure-fluorinated  3i  materials.  4  perusal  of 
Table  I  reveals  that  almost  all  the  predicted  frequencies  have  been 
seen  in  the  infrared  data. 


Ft'EDUEMC'r  (€»-')  FWJUBOT  (<*.->) 


gj*.  2  «  Same  for  Fig.  1  except  Fie.  5  i  Sane  for  Fig.  1  except 

that  for  (a)  3iF.  and  (b)  SiF,  that  for  (a)  SiFH  and  (b)  31F.H 

configurations.  configurations.  The  density  at 

H  atom  appears  mainly  above  the 
band  mode  region. 
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A  STUDY  OF  POLAR  I  TONS  AND  PHONON  PECULIARITIES  IN  CuCl^xBr^  * 

0.  Brafman  and  G.  Livescu 

Department  of  Physios  and  Solid  State  Institute,  Teohnion-Israel  Institute  of 
Technology,  Haifa  32  000,  Israel 


Abstract.-  The  optic  phonon  anomalies  found  in  CuCl^  Br^  by  means  of  Raman 
scattering  and  polar iton  measurement  are  presented,  ffiese  Irregularities  are 
explained  in  terms  of  a  model  which  accounts  for  the  phonon  and  other 
anomalies  in  pure  Cu-halldes. 


The  optic  phonon  modes  in  CuCl^^Br^  show  an  Irregular  behavior  even  at  low  temper¬ 
atures.  This  is  true  with  respect  to  concentration  dependent  phonon  frequencies, 
their  Raman  intensities  and  especially  their  oscillator  strengths.  The  oscillator 
strengths  were  deduced  from  fitting  the  calculated  polariton  dispersion  to  that 
measured  by  means  of  Raman  forward  scattering.  Figure  I  shows  the  frequencies  of 
the  three  oscillators  so  obtained.  The  notation  (1)  and  (2)  relates  to  the  main 
oscillators,  while  d  stands  for  disorder  Induced  lines^.  In  fig.  2  the  three 
oscillator  strengths  are  presented  as  function  of  the  anion  concentration.  The 
oscillator  strength  in  a  crystal  is  proportional  to  the  number  of  oscillators 
participating  in  a  given  mode.  Therefore  both  oscillator  strengths  in  a  two  mode 
solid  solution  decrease  gradually  with  mixing.  This  is  obviously  not  the  case  in 
CuClj_^Br^  as  shown  in  fig.  2  and  it  can  not  have  a  simple  and  straight  forward 
explanation.  On  the  other  hand  this  behavior  of  CuCl^^Br^  optic  phonons  is  not 
totally  surprising.  Even  at  low  tmaperatures  where  CuBr  phonons  are  well  behaved, 

the  phonon  spectrum  of  CuCl  shows  numerous  anomalies  and  those  were  widely  dis- 

(2J 

cussed  earlier  ' .  The  main  feature  is  the  appearance  of  two  polar  modes  Instead 
of  a  single  expected  one  mode.  The  two  polar  nodes,  labeled  6  and  y,  exhibit  the 
same  symmetry  but  differ  considerably  in  linewidth  and  in  the  affect  of  temperature 
on  the  limes  regarding  intensity,  frequency  and  width. 

We  shall  interpret  the  present  results  with  the  help  of  a  model  which  successfully 

(2)  + 

explains  the  anomalies  in  pure  CuCl  .  It  is  assumed  that  Cu  may  occupy  off 
center  sites  in  CuCl  giving  rise  to  the  B  mode  while  those  in  ideal  sites 
participate  in  the  y  mode.  Microscopically  CuCl^Br^  can  he  described^ as  being 
composed  of  five  types  of  tetrahadra  with  n  chlorine  ions  and  4-n  bromine  ions, 
o<n<4,  with  x  dependent  probability.  The  main  assumption  in  the  present  work  is 
that  Cu+  may  occupy  off  center  positions,  only  in  tetrahedra  built  exclusively  on 
chlorine  ions  (n*4) ,  and  that  it  should  then  occur  with  the  same  probability  as 
in  pure  CuCl.  On  the  other  hand  in  all  tetrahedra  with  ni*4,  Cu+  occupy  solely 

•Work  supported  by  the  Israel  commision  for  Basic  Research  and  by  the  Fund  for  the 
Promotion  of  Research  at  the  Technlon. 
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central  positions.  Fig.  3  presents  the  principal  features  of  the  calculated 
oscillator  strengths  (S)  of  the  various  nodes  as  function  of  concentration,  which 
result  In  Sj(x)  and  SjW  -  the  main  calculated  oscillator  strengths  presented  in 
heavy  lines  In  the  figure.  The  total  oscillator  strength  of  each  compound  Is 


CuCl  ’ 
)4is  t 


SCuBr) * 


Sg(x)“l .7(l-x)  where  SB(o)-1.7 


the  probability  of  tetrahedra  with  n-4.  The 


assumed  to  vary  linearly  with  x(S 
Is  the  S  of  pure  CuCl  and  f*(l-x 

P 

8  node  of  CuCl  and  the  mode  of  CuBr  exhibit  a  one  mode  behavior  thus  S  (x)+S  (x) 

p  CuBr 

add  to  S^(x),  which  is  the  lower  frequency  polar  node.  The  contribution  of  B-CuCl 
to  S^(x)  decays  very  fast  with  x,  corresponding  to  the  decrease  in  the  concentration 
of  "all  chlorine"  tetrahedra  in  the  nixed  crystal.  S  , (x)  -  S  (x)-S  (x)  yields 
S^(x) .  The  is  small  compared  to  the  other  two  oscillators  at  all  concentrations. 

is  the  result  of  disorder  and  is  affected  also  by  the  ability  of  Cu+  to  occupy 
off  center  as  well  as  central  sites.  Triangles  and  crosses  are  the  experimental 
values  of  S^(x)  and  s^(x)  obtained  from  the  polarlton  measurements  (the  same  as  in 
fig.  2).  Considering  the  fact  that  the  only  parameters  we  used  were  those  employed 
in  fitting  the  polarlton  data,  the  fit  is  self  consistent  and  in  addition  it  gives 
reasonable  solutions  to  the  problems  which  were  presented  earlier. 
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FREQUENCY  DEPENDENCE  OF  ACOUSTIC  SATURATION  IN  SMOKY  QUARTZ 
R.  Nava  and  M.  Rodriguez 

Instituto  Venezolano  de  Investigaoiones  Cientifieae  (TVIC),  Physios  Center, 
P.O.  Box  1827,  Caracas  1010A,  Venezuela 

Abstract.-  High  frequency  ultrasonic  measurements  were  oerformed 
in  gamma  irradiated  natural  quartz  at  1.2  Y.  at  frequencies  down 
to  20  MHz  as  a  function  of  applied  power.  The  two-level  systems 
resonant  attenuation  shows  saturation  effects  which  decrease 
notably  at  frequencies  below  200  MHz.  These  results  are  con¬ 
sistent  with  a  decreasing  density  of  states  at  frequencies  close 
to  A„  . 

A  consequence  of  the  tunneling  model  of  TLS  in  amorphous  and 
disordered  solids  is  the  existence  of  a  gap  in  the  density  of  states 
n(E)  for  energy  splittings  E  =  /A*  +  A|  smaller  than  the  tunnel 
splitting  6„ .  Among  the  observable  effects  of  this  prediction  would 
be  a  departure  of  the  low  temperature  specific  heat  from  linearity  in 
?  and  a  rapid  decrease  of  the  resonant  ultrasonic  attenuation  for 
frequencies  <■>  such  that  -dtw<A0  /l, 2/.  For  TLS  in  crystalline 
matrices  one  expects  A„  to  be  single  valued  or,  for  small  amounts 
of  local  disorder,  narrowly  distributed  so  that  the  change  in  these 
properties  would  take  place  in  a  shorter  temperature  (frequency) 
range  than  for  glassy  TLS.  In  this  work  we  report  the  disappearance 
of  the  resonant  ultrasonic  attenuation  of  gamma  irradiated  Brazilian 
quartz  for  frequencies  below  140  MHz  in  accordance  with  the  existence 
of  a  gap  in  the  density  of  states. 

The  Intensity  dependence  of  the  resonant  ultrasonic  attenuation 
of  shear  waves  along  the  AC-axis  of  crystals  irradiated  to  1.5  x  106 
Rads  was  measured  in  a  non-resonant  sample  holder  bathed  bv  He 

2 

pushed  to  1.2  K.  Typical  acoustic  intensities  varied  from  20  mW/cm 
2 

to  5  yW/cm  .  An  ultrasonic  pulse  length  of  1  microsecond  was 
used  throughout.  The  attenuation  coefficient  was  determined  from 
pulse-echoes  separated  by  several  hundred  microseconds.  The  output 
of  the  video  detector  was  averaged  by  mans  of  a  transient  recorder 
coupled  to  a  multichannel  analyzer. 

The  experimental  results  show  a  frequency  independent  resonant 
attenuation  above  200  MHz  followed  by  a  drastic  reduction  of  a  for 
frequencies  below  about  170  MHz .  The  magnitude  of  the  attenuation  at 
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(OdB‘ 200 mW/cmi] 


Fig .  1  :  Intensity  dependence  of 
the  relative  resonant  attenuation 
in  smoky  ouartz.  The  inset  shows 
the  frequency  dependence  of  the 
maximum  attenuation  change. 

Curves  are  only  visual  aids. 


140  MHz  is  barely  discernible 

above  the  experimental  accuracy 
-4 

(5  x  10  dB/psec.)  and  undetect¬ 
able  below  this  frequency  (Fig.l). 
Me  also  find  a  frequency  indepen¬ 
dent  critical  intensity  J  of 
about  35db  below  a  reference 

2 

acoustic  intensity  of  200  nM/cm  . 

Assuming  steady  state  con¬ 
ditions  at  low  freouencles 
Wu<<2kT)  the  attenuation  coef¬ 
ficient  of  the  unsaturated  res¬ 
onant  absorption  is  given  by: 

ct=  (  (1) 

1 0  'Tf(D<  A0 

For  energy  splittings  greater 
than  A0  a  constant  density  of 
states  n„  describes  well  these 
and  previously  reported  results 
/3/.  For  energy  snl it tings  in  the 
neighborhood  of  A„ ,  assumed  here 
to  be  single  valued,  the  decrease 
observed  in  the  unsaturated 


absorption  (J<JC)  takes  place  in  a  frequency  range  comparable  to  the 
inhomogeneous  llnewidth  t”1. 

In  the  inset  of  Fig.  1,  we  have  plotted  the  frequency  dependence 
of  the  maximum  resonant  attenuation.  The  width  of  .the  transition  is 
about  50  MHz.  From  this  curve  we  estimate  A0  and  T2  to  be  130  fWz 
(0.5  ueV)  and  3  nsecs.,  respectively.  Taking  for  ne  the  specific 
heat  value  (6  x  1032  erg”1,  era”3)  we  find  from  Bq.  (1)  ~  0.14  eV 

which  is  20  times  smaller  than  that  reported  for  quartz  glass  /4/  and 
close  to  the  mean  value  calculated  from  (yAa)  obtained  by  dielectric 
loss  measurements  /2 /. 

In  summary,  by  studying  the  frequency  dependence  of  the  resonant 
ultrasonic  attenuation  due  to  TLS  in  smoky  quarts  we  have  established 
the  existence  of  a  gap  in  the  density  of  low  energy  states  as  pre¬ 
dicted  by  the  tunneling  model. 
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THEORY  OF  THE  ATTENUATION  OF  ELASTIC  WAVES  IN  INHOMOGENEOUS  SOLIDS 


P.G.  Klemens 

Dept,  of  Physics  and  Inst,  of  Materials  Science,  Unit.  of  Connecticut,  S ton's, 
CT  08288,  V.S.A. 


Abstract . -  Temperature  variations  accompanying  elastic  waves 
cause  heat  conduction,  entropy  generation  and  thus  attenuation 
of  the  waves.  In  homogeneous  solids  the  temperature  variations 
over  half  a  wave-length  and  those  between  different  phonon 
groups  cause  comparable  attenuation.  In  inhomogeneous  solids 
the  temperature  gradients  are  enhanced.  The  resulting  attenu¬ 
ation  exceeds  that  due  to  Rayleigh  scattering  except  at  very 
high  frequencies  or  at  low  temperatures.  Small  inclusions  and 
fiber-matrix  composites  are  discussed. 


1.  Introduction.-  In  homogeneous  single  crystals  the  attenuation  of 
elastic  waves  arises  from  the  cubic  anharmonicities .  Kirchhoff  first 
proposed  a  heat  conduction  mechanism  for  gases, ^  which  can  also  be 
applied  to  solids.  Attenuation  due  to  the  smoothing  out  of  temperature 

differences  between  different  groups  of  phonons  was  treated  by 
.  (  2  ) 

Akhieser.  In  both  cases  do  the  elastic  waves  set  up  temperature 
differences,  and  the  irreversible  heat  transfer  generates  entropy  so 
that  elastic  energy  is  converted  into  heat. 

There  are  two  additional  attenuation  processes  in  inhomogeneous 
solids.  One  is  Rayleigh  scattering,  owing  to  variations  in  the  local 
value  of  the  wave  velocity.  The  other  is  an  enhancement  of  the  heat 
conduction  mechanism,  because  temperature  differences  are  set  up  be¬ 
tween  neighboring  regions  of  different  thermal  expansivity,  so  that 

(  3  ) 

temperature  gradients  are  increased.  This  was  discussed  by  Zener. 

It  will  be  seen  that  the  latter  mechanism  is  more  important  than 
Rayleigh  scattering  except  at  very  high  frequencies  or  at  low  tem¬ 
peratures  . 

2.  Homogeneous  Solids.-  The  adiabatic  temperature  change  due  to  a 
dilatation  A  is  given  by 

dTg=  -yTA  (1) 

where  y  is  the  Gruneisen  constant.  If  either  A  or  y  varies  with 
position,  T  will  likewise  vary  and  obey 

3T/3t=DV2T  ♦  8Ts/3t  (2) 

where  D  is  the  thermal  diffusivity.  If  y  is  independent  of  position. 


(3) 


one  can  write  for  a  wave 

A=AQexp  i(k.r+«t)  and  3T=T'  exp  Kk.r+iot) 
and  from  (2) 

iwT'=  -k2DT'  -  iwyA 


(4) 


Per  unit  volume,  the  rate  of  energy  loss  from  the  wave  is  re¬ 
lated  to  the  rate  of  entropy  production  by 

-dE/dt=T  dS/dt=  (ic/T)  |  grad  T|2  (5) 

where  ie=DC  is  the  thermal  conductivity,  and  C  is  the  specific  heat 
per  unit  volume.  The  energy  content  per  unit  volume  of  the  wave  is 
E=^XA*,  where  X  is  the  bulk  modulus.  Thus  one  finds  for  the  rate  of 
energy  loss 

(6) 


1/t  =  -E_1dE/dt=Y2(T/To)(uou)2(0)2  +  u2)-1 


where  TQ  is  defined  equal  to  X/C,  and  the  characteristic  frequency 


is  defined  as 

°  2 
u>  =k^D  . 
o 


(7) 


Now  u>o  depends  on  the  wave  frequency  u,  since  k=w/v,  where  v  is 

the  wave  velocity.  At  all  but  the  highest  frequencies  <do<<u,  so  that 

the  Kirchhoff  attenuation  becomes 

1/tk  =  y2(T/T0)(D/v2)u2  (8) 

The  Akhieser  mechanism  can  also  be  described  by  (6),  except  that 
2  —2 

in  place  of  y  one  must  now  use  y  »  a  weighted  mean  square  vari¬ 
ability  of  y  for  the  different  groups  of  lattice  modes,  while  wo 
describes  the  rate  at  which  their  temperature  is  equalized  by  phonon 
interactions.  The  lattice  component  of  the  thermal  diffusivity  is 
Dg=v  /3u0,  if  we  disregard  the  difference  between  three-phonon  N  and 
U-processes.  One  is  always  in  the  limit  u><<u>0,  so  that  the  Akhieser 
attenuation  becomes 


1/tA  =  Y2<T/TQ)(3Dg/v2)w2 


(9) 


While  formally  1/t^  exceeds  l/tK  by  a  factor  3,  it  may  well  be  the 
smaller  of  the  two,  since  y2  must  be  less  than  y2  and  since  Dg  is 
only  the  lattice  component,  not  the  total  D.  A  further  reduction  in 
1/ta,  perhaps  by  a  factor  2,  results  from  the  inclusion  of  N-proces- 
ses  in  the  definition  of  w0. 

3.  Inhomogeneous  Solids.-  Temperature  gradients  and  entropy  genera¬ 
tion  are  enhanced  if  the  thermal  expansivity  or  y  depend  on  position. 
If  the  Fourier  components  of  y(.r)  have  principal  components  of  wave- 

number  q  and  if  the  inhomogeneities  are  of  small  scale  so  that  q>>k, 

2  2 

A  can  be  treated  as  independent  of  position,  so  that  q  replaces  k 
in  (4)  and  (7),  and  (6)  still  holds  with  ti>0  redefined.  However,  in 
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place  of  y  one  must  use 

y2  -  t  v.y?  -  a  viYi)2  (10) 

where  v^  is  the  fractional  volume  of  the  component  of  Griineisen  con¬ 
stant  y,-  •  If  the  smallest  diameter  of  the  inhomogeneities  is  L, 

2  1 

ii»o=it  D/L,  where  D  is  the  smaller  of  the  thermal  diffusivities . 

4.  Some  Numerical  Cases.-  Consider  small  colloid  inclusions  such  as 
produced  by  neutron  irradiation  in  crystals,  with  L=lxl0~6  cm.  Take 
TQ=2S,000  K,  T=300  K,  and  D=vL/3,  so  that  w^xlO11  sec-1.  Now 
Y^=nVeAY2,  where  ty  is  the  difference  between  y  of  the  inclusion  and 
matrix,  n  the  inclusion  density,  VQ  the  volume  of  each  inclusion.  Let 
Ay=1»  then  from  (10)  and  from  (6)  with  w<<u0 

1/t  =  3xl0"14nVou2  =  1.5x10“16w2  (11) 

in  inverse  second  units,  the  second  value  being  for  nVQ=0.005.  This 
may  be  compared  with  Rayleigh  scattering  by  these  inclusions  with 
Sv/v=$  and  v=3xl05  cm/sec 

1/tb  =  nV  (V  /4v3)u>4=2xl0"35nV  m4  (12) 

K  O  O  O 

so  that  Rayleigh  scattering  is  relatively  weak  below  6  GHz.  At  low 
temperatures  attenuation  by  heat  conduction  decreases  as  TC. 

As  another  example  consider  a  composite  of  fibers  embedded  in 

a  continuous  matrix,  each  component  occupying  half  the  volume,  with 

-3  2  7-1 

fiber  diameter  1x10  cm  and  D=1  cm  /sec,  so  that  «  =1x10  sec 

With  the  same  material  parameters  1/t=3x10-  °wZsec-1  due  to  heat  con- 

-19  3 

ductxon,  while  for  Rayleigh  scattering  1/tr=8x10  u  .  The  attenua¬ 
tion  by  enhanced  heat  conduction  is  much  stronger  than  intrinsic 
attenuation  in  either  component,  and  exceeds  Rayleigh  scattering 
below  about  10  MHz. 

This  work  was  done  in  collaboration  with  the  Engineering 
Materials  Division  of  the  Naval  Research  Laboratory. 
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LOW  FREQUENCY  RAMAN  SCATTERING  IN  MIXED  Ga1_xAlxAs  AND  Ga^Ii^As 
ALLOYS 

R.  Carles,  N.  Saint-Cricq,  A.  Zwick,  M.A.  Renucci  and  J.B.  Renucci 

Laboratoire  de  Physique  des  Solides,  Assooii  au  C.N.R.S.,  University  Paul 
Sabatier,  31062  Toulouse  oedex,  France 

Abstract.-  We  report  Raman  studies  of  disorder  induoed  scattering  in  the 
Ga-|_xAIxAs  and  Ga^xIn^As  alloys.  Previous  results  [1]  are  confirmed  for  the 
Gaj_xAlxAs  system  for  a  wider  range  of  concentration.  The  role  of  the  sub3ti- 
tuant  is  discussed  through  the  analysis  of  the  Ga-|_xInxAs  system. 

Introduction.-  To  extend  resultson  a  GaQ  qqA^q  20As  crystal  [1]  we  performed  experi¬ 
ments  to  a  concentration  of  A1  equals  0.50.  Mass  and  size  effects  related  to  the  na¬ 
ture  of  the  substituant  are  analyzed  on  the  Ga1  ^In^As  system. 

Results  and  discussion. -  All  experimental  details  are  provided  in  reference  [ 1 ] .  All 
the  samples  used  in  the  present  work  were  layers  L.P.E.  grown  on  a  the  ( 100)  face  of 
GaAs  substrate. 

Figures  1  and  2  display,  respectively,  the  results  obtained,  at  300  K,  for 
Ga^^Al^Aa  and  Ga^^In^As.  Although  the  exciting  laser  wavelengths  are  different  (see 
figure  captions)  resonance  effects  are  excluded. 

As  in  reference  [1]  we  find  that,  except  for  the  GaAs  L0(T)  mode,  the  crystal¬ 
line  symmetry  is  also  lost  for  the  Ga^  InxAs  alloys.  Therefore  we  give  only  two  types 
of  spectra  in  figures  1  an  2.  a(b)  refers  to  crossed  (parallel)  polarizations  of  the 
incident  and  scattered  lights  and  corresponds  to  the  (1^  +  1*  )  Raman  cross 

section  [1]  . 

Let  us  first  compare  for  the  same  concentration  (x  ■  0.20)  the  spectra  of  the 
two  alloys . 

The  main  effect  of  the  substituant  appears  for  the  long  wavelength  optical  modes 
and  it  related  to  mass  effects  (e^  <  ®(Ja<  m^) .  Indeed  a  AlAs-like  band  stems  abo¬ 
ve  the  frequency  of  the  L0(T)  in  GaAs.  This  hand  merges  into  the  local  mode  of  A1 
in  GaAs  as  x  reaches  zero.  On  the  contrary  for  the  Ga.  In  As  compounds  a  structure 

—  j  1  X  X 

shows  up  below  the  L0(D  around  235  cm  .  It  gives  for  x  »  0.09  a  shoulder  (fig.  2) 
which  materializes  clearly  the  impurity  mode  of  In  in  GaAs.  As  there  is  no  gap  in  the 
phonon  density  of  states  of  GaAs  [2]  it  is  an  in-band  node  and  denoted  (In  :CaAs). 
The  symmetry  of  this  mode  is  (see  fig.  2)  as  expected  theoretically. 

The  strut ture  at  265  cm  ’(fig.  1),  which  is  attributed  in  reference  [1]  to  GaAs 
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-Raman  spectra  observed,  at 
300  K,  for  three  Gaj.gAlxAs  samples. 
The  exciting  laser  wavelengths  are 
X  -5  308  X  for  x  -  0.20  andX-5  1»*5  A 
for  x-0.35  and  0.50  . 


Fig.  2  -  Raman  spectra  observed,  at 
300  K  ,  for  three  Ga-j_xInxAs  samples 
The  exciting  laser  wavelengths  are 
X  •  1*  600  A  for  x  *0.09  and  x  *  0.20, 
X-5  308X  for  x -0.1*0  . 


disorded  activated  transverse  optical  processes  (D.A.T.0. ),  is  also  present  in  the 
Ga1_xInxAs  system  (fig.  2)  whereas  the  D.A.L.O.  of  GaAs  (fig.  1)  is  obscured  by  the 
InAs-like  band.  This  one  is  noted  D.A.0.  (fig.  2)  as  it  iB  hard  to  distinguish  bet¬ 
ween  longitudinal  and  transverse  processes. 

In  the  low  frequency  range  the  D.A.T.A.,  2TA,and  D.A.L.A.  modes  appear  also  in 
the  Ga1_xInxAs  alloys  although  the  structures  are  less  resolved.  Their  frequencies 
are  shifted  to  lower  energies  compared  to  those  found  in  GaAs  [1],  due  to  mass  ef¬ 
fects,  as  expected.  They  increase  in  Gaj  AlxAs  for  the  same  reason. 

The  shift  to  lower  energy  of  the  acoustical  branches  in  the  Ga^In^^As  system 
allows  to  resolve  the  2  IA  band  while  it  lies  within  the  D.A.L.O.  of  GaAs  for 

Ga,  A1  As . 

1— X  X 

The  assignement  of  the  structures  discussed  above  for  x  -  0.20  are  confirmed  by 
the  variations  of  their  frequencies,  widths  and  intensities  upon  concentration. 

As  already  aentiooned  spectra  cure  leas  structured  for  the  Oa^In^As  system.  In 
the  acoustical  range  this  is  relate^  in  part, to  the  larger  width  of  the  2TA  band. 
Dee  to  the  bigger  site  of  In,  the  substitution  of  In  to  Ga  introduces  a  distorsion 
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of  the  bond  length  much  more  important  than  the  one  produced  by  the  substitution  of 
A1  (the  bond  lengths  in  GaAs,  AlAs  and  InAs  are  respectively  2. 1*1*7  X,  2.1*52  X  and 
2.615  X).  This  effect  induces  a  larger  amount  of  disorder  in  the  Ga^^In^As  system 
and  consequently  should  lead  to  wider  structures. 

The  same  reason  could  explain  that,  for  each  concentration,  the  width  of  the 
D.A.T.A.  is  larger  by  an  amount  of  7  cm  '.on  the  average, in  the  Ga^  ^In^As  alloys.  In 
the  same  way,  the  width  of  the  LO(GaAs)  band  increases  by  a  factor  2. 7(1. 8)  when  the 
concentration  of  In(Al)  goes  from  0  to  0.5* 

The  intensities  of  the  disorder  induced  bands  reflect  the  degree  of  disorder  of 
the  alloy.  As  a  matter  of  fact  the  relative  intensities  of  the  D.A.T.A.  and  the 
D.A.L.A.  to  that  of  the  2  TA  band  increase  (fig.  1  and  2)  with  x  as  the  latter  is  re- 
minescent  of  the  order  of  the  perfect  crystal. To  evaluate  more  quantitatively  the 
degree  of  disorder  it  is  convenient  to  refer  to  the  intensity  of  the  D.A.T.A.  which 
is  well  seen  in  the  two  alloys.  Indeed  the  ratio  I(D.A.T.A.)  /  (1  -x)  I  [  LO(GaAs)]  in¬ 
creases  with  x. 

In  figures  1-b  one  notices  also  that  the  intensities  of  the  D.A.L.O.  and  the 
D.A.T.O.  of  GaAs  increase  in  a  way  similar  to  that  of  the  D.A.L.A.  Also  the  D.A.O.  of 
AlAs  get  stronger  with  x  . 

The  "depolarization  spectrum"  introduced  by  Kobliska  and  Solin  in  the  case  of 
amorphous  materials  [3]  can  be  measured  in  the  alloys.  As  all  the  spectra  have  been 
recorded  with  the  same  instrumental  transfer  fonction,  for  each  concentration,  the 
depolarization  ratio  p  is  given  by  the  ratio  of  the  intensity  of  spectrum  a  over 
that  of  spectrum  b. One  deduces  from  fig.  1  and  2  that  p(D.A.T.A. ),  for  example,  in¬ 
creases  with  x  and  reaches  its  maximum  value  when  the  disorder  is  the  greatest  for 
x*0.5.  As  displays  in  figures  1  and  2  p  is  dispersive,  indeed  p(D.A.L,A. )<p(D.A.T.A.X 
This  irapli  that  the  vibrations  which  correspond  to  the  D.A.L.A.  are  more  symetri- 
cal  than  those  of  the  D.A.T.A.  in  agreement  with  the  conclusions  of  London  I1*]  rela¬ 
tive  to  defect  activated  Raman  processes  in  zinc-blende  type  crystals.  As  a  matter  of 
fact,  although  longitudinal  and  transverse  acoustical  phonons  at  X  and  L  become  Raman 
active,  the  symmetry  of  the  longitudinal  is  in  part  T^like  while  the  one  of  the 
transverse  is  never  T1 .  One  should  point  out  that  the  symmetry  of  the  D.A.L.A. 
was  well  reproduced  by  the  calculations  of  Talvar  et  al.  [5]. 
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SOME  ASPECTS  OF  NONLINEAR  LATTICE  MODELS 
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Abstract.-  A  theoretical  study  of  various  static  and  dynamic  so¬ 
lutions  in  a  one-dimensiona.>  lattice  with  anharmonic  electron-ion 
coupling  is  presented.  The  stability  of  the  different  commensu¬ 
rate  groundstates  is  investigated  and  both  kj.uk-  and  phonon-ex¬ 
citations  are  described.  The  coupling  of  nonlinear  excitations 
to  phonons  is  discussed  in  detail. 


It  was  pointed  out  some  time  ago,  that  the  microscopic  origin  of 

ferroelec tricity  in  perovskites  is  due  to  the  configurational  insta- 
2- 

bility  of  O  and  its  homologues,  which  leads  to  a  strong  anisotropic, 

1  2 

anharmonic  polarizability  '  .  This  assumption  was  recently  tested  di¬ 
rectly  by  a  M66bauer  study  on  LiTaCK'*  and  applied  to  various  other  ma¬ 
terials,  like  KTa1-x  Nbx034;  SrTiO-j  J  K2Se046'7,  and  SnTe6'7  in  a  self- 
consistent  description  of  their  phonon  spectra.  A  discussion  of  the 
nonlinear  excitations  in  a  one-dimensional  version  of  this  model  has 
been  given  in  Ref.  8,9,  and  the  coupling  to  phonons  is  studied  in  de¬ 
tail  in  Ref.  6.  Extensions  to  two-10  and  three-dimensions  '  liave  also 
been  successful. 

In  the  following  we  shall  review  some  results  from  the  literature 
and  present  new  investigations  especially  on  the  stability  of  the  stat¬ 
ic  nonlinear  solutions  and  their  coupling  to  phonon-excitations. 

The  essential  feature  of  the  model  is  a  highly  local  electron-ion 
coupling^.  The  instability  of  the  transverse  ferroelectric  node  is  at¬ 
tributed  to  a  negative  electron-shell  ion-core  coupling  constant  g2- 
The  paraelectric  mode  above  the  phase  transition  is  stabilised  by  a 
fourth-order  shell-core  coupling  g4 .  For  a  discussion  of  the  relation 
to  other  ferroelectric  models  see  Ref.  8,6.  In  the  simplest  version  of 
the  model,  a  monatomic  chain,  there  are  additional  nearest-neighbor 
shell-shell  anu  core-core  coupling  constants  f  and  f’  (see  Fig.  1). 
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Fig  1 .  Part  of  the  one-dimensional  lattice  model, 
with  harmonic  nearest-neighbor  coupling  between  the 
electron  shells  f  and  the  ions  f’»  the  local  elec¬ 
tron-ion  coupling  is  described  by  a  harmonic  coup¬ 
ling  g2  and  a  fourth-order  term  . 


The  classical  Hamilton-function  of  the  chain  is  written  for  the  dis¬ 
placements  un  and  vn  of  the  ion  and  the  electron-shell  with  masses  M 
and  m  respectively: 


<».-v2 

♦if  <'V''i.-i’2  *  r-Z  "Wi>2 


+ 


(D 


with  the  corresponding  equations  of  motion  (in  the  adiabatic  approxi¬ 
mation  ) : 


MUn  =  *2wn  +  *4  wn3  +  f>Dun 

0  m  -92wn  ‘  g4wn3  +  f  D(W 


where  the  difference  displacement  w_  *  v_  -  u_  is  used  and  the  differ- 

n  n  n 

ence  operator  Dun  -  uR+1  -  2un  +  un_r 

The  static  periodic  solutions  on  the  lattice  are  the  fixed  points 
of  the  corresponding  recurrence  relations  between  wR+1  (uR+1 )  and 
wn'  wn-1  ^un'  un-1^9*  0>ual^y  on®  h**  to  find  these  points  numerically, 
but  for  low-order  periods  the  analytic  results  are  given  in  Table  1 . 
Periods  of  higher  order  are  more  complicated.  The  displacement  pattern 
of  period  2it/8  for  example  has  two  different  displacements  on  site 

w8ra+1  “  w8m+3  “  'w8m+5  “  ~w8m+7  and  *ite  w8m+2  "  “w8m+6  related  by 


Period 

2it/k 

Electron-Ion  Displacement  w 

Displacement-Pattern 

Energy 

k  =  1 

(ferroelectric) 

w0  =  _g2/g4 

M  1J  1_U 

E1  =  "?22/4g4 

k  =  2 

(antiferro- 

electric) 

“o  ■  <-»t  > 2  ■ 

t  .  t  x  t  ,  f 

£  . 

2  494l1+gT/ 

'ill 

k  =  3 

(Perioaon) 

W0=0f  wJ=(-W2)  =-g4(l+g-  ) 

,  t  ,  ,  t  ,  , 

E  -  -g-l(^)2 

E3  "  6g4V1+g77 

11 

k  =  4 

w0=w2=°  wi =  (-w3  > 

,  t  .  ,  1  , 

g2  2/  2fr^2 

e4  "  -5^(1+grJ 

i 

k  *  6 

wQ=w3=0  w^=w2=(-w4)  2=(-w5)  2 

- 

g4V  g 2 » 

■  It.  . . 

Eg  - 

6  6g4V  g2/ 

Table  1:  Static  commensurate  solutions  of  (2)  with  different  periods 
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the  equations: 


2w8m+1  =  w8m+2  (g2/fr+2)  +  w8m+2  (g4/fr) 


W8m+2  =  w8m+1  <g2/fr+2)  +  WL+1  <Vfr> 


(3) 


with  the  reduced  intersite  coupling  1/fr  =  1 /f  +  1/f'. 

The  energy  for  the  different  commensurate  states  is  always  nega- 
tiv  and  corresponds  to  local  minima  of  the  Hamilton-f unction.  For 
g2  <  O  and  f,f'  >0  the  homogeneous  ferroelectric  state  has  always 
lowest  energy.  For  g2  <  0  and  f'  <  0  but  f  >  0  there  may  be  other 
states  with  lower  energy.  But  this  energy  consideration  is  not  suffi¬ 
cient  to  determine  the  stable  groundstate  of  the  chain.  One  has  to 
investigate  the  stability  of  the  solutions  under  small  time- dependent 
perturbations  and  in  addition  to  this,  wether  static  solutions  in  the 

vicinity  of  the  fixed  points  stay  there  under  the  nonlinear  mapping 
12  13 

9  of  equations  (2).  We  rewrite  these  for  wR  ass 


wn+1  =  (  P  +  2  )  wn  +  (Vfr>  Wn  +  xn 


xn+1  "  -wn 


and  linearize  them  by  the  ansatz: 


(4) 


w„  *  +  5w« 
n  no  n 


(5) 


with  the  result 


6wn+1  *  [<W2>  +  <3Vfr>  w5o7  6wn  +  6xn 


(6) 


fix 


n+1 


-5w_ 


To r  the  different  fixpoints  we  now  investigate  the  eigenvalues  of  the 
matrix 


k  /(g2,tr  1  ] 

n«1  \  -1  0  / 


(7) 


which  describes  a  so-called  tangent  space  mapping  .(The  method  is 

12 

analogues  to  that  used  by  Greene  for  another  nonlinear  mapping.) 
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For  complex  eigenvalues  of  M  the  fixpoint  is  elliptic  stable.  The  sta¬ 
ble  regions  are  given  in  Table  2.  Since  this  stability  analysis  is 
based  on  some  (so  far  unproven)  mathematical  assumptions,  we  also 
looked  for  numerical  stability  in  the  vicinity  of  the  commensurate 
states  and  found  agreement  with  the  parameters  regions  of  Table  2. 


Period  k 

Range  of  Parameters  for 

Happing  Stability 

Remarks 

1 

0  <  g2/fr  -  2 

f  or  f  have  to  be  negative 

2 

-6  <  g2/fr  £  -4 

3 

-4  £  g2/fr  -  "3 

4 

g2/fr  =  -2 

method  is  probably  to  weak 

Table  2 :  Range  of  mapping  stability  for  low  order  periodic  solutions. 

These  results  mean,  that  in  certain  parameter  areas  only  one  of 
the  fixed  points  is  stable,  although  its  energy  may  not  be  the  abso- 
lut^ylowest.  In  the  neighborhood  of  a  stable  region  there  may  be 

incommensurate  stable  states,  which  can  be  reached  by  leaving  the 

12  14 

stability  range  of  the  parameters  ' 

Above  these  static  groundstates  there  are  linear  phonon-  and 
nonlinear  static  kink-like  excitations.  The  latter  ones  describe,  as 
in  the  usual  <|>4- theory,  domain  walls  between  the  degenerate  ground- 
states  of  a  certain  period  k.  As  an  example,  we  write  down  the  equa¬ 
tions  for  the  kink  structure  in  the  antiferroelectric  state  (k  =  2) , 
where  the  polarization  sequenze  of  the  ions  is  altered  from  ’up, 
down,  up  ...’  to  ’down,  up,  down  ...’.  If  we  assume  only  small  changes 
within  the  unit  cell,  the  continuum  approximation  for  each  sublattice 
can  be  used  and  results  in: 

W1  +  awt  +  a  W1  *  \2i;  +  1  )  w2  +  TTX  w2 

1  2  ’ ’  t ^2  \  ^4  3 

w2  +  aw2  +  a  w2  =  +  1  J  W1  +  2?;  W1 

where  w^  and  w2  describe  the  electron-ion  displacements  in  the  too 
sublattices,  and  a  is  the  lattice  constant  of  the  original  lattice. 

The  boundary  conditions  are  w1  m  -w2  for  x  -*•  ±«°,  in  contrast  to  the 
ferroelectric  state.  Numerical  solutions  show  a  static  kink-like 
transitions  in  each  sublattice.  These  solitary  excitations  will 
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contribute  to  the  statistical  mechanics  of  the  antiferroelectric  state. 
Similar  solutions  have  been  found  above  the  periodon  (k  =  3)  ground- 
state.  Details  are  discussed  in  a  forthcoming  paper15. 

The  static  solutions  discussed  so  far,  can  easily  be  extended  to 

o 

diatomic  chains  with  one  additional  unpolarizable  ion  .  Furthermore 

there  are  also  solutions  of  the  same  type  for  two!0  and  three-dimen- 
6 

sional  systems. 

Before  describing  the  coupling  of  phonons  to  the  periodons  we 
cite  here  the  corresponding  time  dependent  nonlinear  solutions.  They 
can  be  written  as 


wn  =  A(q)  sin  (wt-nqa+6) 

un  =  B(q)  sin  (uit-nqa+6)  +  C(q)  sin  3(tot-nqa+6) 


(9) 


with  the  dispersion 


Mw2  =  |  (f+f«)  sin2 (3qa/2) 
and  the  amplitudes 


(10) 


A2  (q) 


^2  r  +  4f  Mai2-4f  'sin2  (qa/2  )  gtn2 
3g4  l  g2  Mu)2-4  (f+f ' )  sin2  (qa/2) 


(qa/2) 


1 


B(q) 


-A 


4f sin  (qa/2) 


Mu>2-4  (f+f')  sin2  (qa/2) 


7  C(q)  =  +^|jA3/sin2(3qa/2)  (11) 


Note  the  divergent  character  of  C(q)  at  qc  »  0;2n/3  where  the  fre¬ 
quency  is  zero.  In  order  to  avoid  this  unphysical  static  solutions 
one  has  to  chose  the  phase  5  in  such  a  way  that  sin (35)  =  0,  which 
results  in  C(qQ  «  0;2ir/3)  =  0  and  amplitudes  given  in  Table  1. 

The  coupling  of  phonons  to  these  periodons  is  now  calculated 
with  the  ansatz: 


w  + 
np 


ns 


np 


+  u. 


ns 


(12) 
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A  special  solution  is  found  by  rewriting  the  equations  of  notion  (2) 
in  two  groups: 


Mil  *  (f+f')Du  +  fDw 
ns  ns  ns 

(13) 

0  =  (g2+394wnp)wns  +  ^4wns  *  fD(uns4wns) 

MUnp  -  (f+f)Ounp  +  fDwnp 

(14) 

0  =  (g2+394wns)wnP  +  94wnp  ‘  fD(unp+wnp> 

Our  approximation  is  that  used  in  the  self con si stent  phonon  treatment 
where  higher  powers  of  the  phonon  contribution  wng  are  approximated 
by  their  thermal  averages: 

g4wns  =  3«4<^.>T  Wns  and  ^4*1*  “  3^4<wns>T  <15) 

This  results  in  a  temperature  dependent  coupling 

g(T)  -  g2  +  3g4<wjJg>T  (16) 


Furthermore  the  phonons  are  influenced  by  the  periodon  solution  wnp* 
For  low  temperature  we  use  its  static  value,  which  causes  a  tripling 
of  the  lattice  constant: 


g(T) 


+  3*4wnp  (?)  =  | 


g  (T) 

-2g(T)-9fr 


n  •  0  (mod3) 
n  =  1,2 


For  high  temperature  the  periodons  are  approximated  by  a  tine  average 


g(T)  +  3g4  w2p(q)  -  g(T)  +  §  g4A2(q) 

2 

with  A  from  (11)  and  g2  replaced  by  g(T).  This  q-dependent  coupling 
leads  to  a  drastic  change  of  the  acoustical  node  near  q  «  2ir/3.  An 
application  of  this  method  to  the  phonon- spectra  of  various  materials 
is  reported  in  Ref.  6.  Especially  the  paraelectric- incommensurate  and 

the  incommensurate-commensurate  phase  transitions  in  K-SeO.  have  been 

6  7  *  * 

successfully  analysed  '  . 

Furthermore  it  was  found,  that  the  phonon  anomalies  in  TaSe, 

7  * 

and  MbSe3  may  be  described  in  terns  of  our  simple  model  .  This  shows 
the  interrelation  of  our  mode-coupling  treatment  to  the  description 
of  these  metallic  systems  in  terms  of  charge-density  waves. 
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OBSERVATION  OF  STRONGLY  FREQUENCY  DEPENDENT  LIFETIMES  OF  ACOUSTIC 
PHONONS  IN  CaF2 


R.  Baumgartner,  M.  Engelhardt  and  K.F.  Rent 

Inotitut  fUr  Angeuandte  Physik,  Universit&t  Regensburg,  8400  Regensburg, 
P.R.G. 


Abstract . -  A  strongly  frequency  dependent  lifetime  of  acoustic 
phonons  in  CaF2  at  low  crystal  temperature  is  observed.  The 
phonon  lifetime  decreases  proportionally  to  v~5  indicating 
spontaneous  phonon  decay.  Furthermore,  we  report  measurements 
of  the  spectral  distribution  of  phonons  generated  by  nonradia- 
tive  transitions. 


Various  attempts  have  been  made  to  detect  spontaneous  decay  of 
high-frequency  acoustic  phonons  without,  however,  conclusive  results.1 
In  this  paper  we  report  experimental  evidence  of  spontaneous  decay 
of  acoustic  phonons.  Our  experiment  was  performed  on  CaF2  at  low 
crystal  temperature. 

The  principle  of  our  experiment  is  shown  in  Fig.1.  Uniaxial  stress 

2+ 

is  applied  to  a  CaP0  crystal  doped  with  0.003  mole%  Eu  ions.  The 

^  2+ 
stress  leads  to  a  splitting  of  the  lowest  excited  state  level  of  Eu 

into  a  doublet  with  variable  energy  separation  hv  where  h  is  Planck’s 

constant.  This  system  allows  tunable  phonon  detection  up  to  a  fre- 

2 

quency  v  of  3.2  THs.  For  phonon  generation  the  crystal  is  optically 

pumped  with  radiation  of  a  nitrogen  laser.  The  radiation  is  absorbed 

2+ 

in  broad  bands  of  the  Bu  ions.  Nonradiative  transitions  lead  to 
population  of  the  stress  split  energy  levels  and,  simultaneously,  to 

generation  of  phonons  with  a  broad  frequency 
distribution.  An  additional  phonon  source  is 
due  to  one-phonon  spin-lattice  relaxation  in 
the  doublet  levels.  Phonons  are  detected  by 
the  phonon  induced  fluorescence  radiation 
S2  (Fig.1).  Since  the  spin-lattice  relaxa¬ 
tion  time  is  shorter  than  1  ns  the  relative 
population  of  the  doublet  levels  is  in 
equilibrium  with  phonons  of  the  frequency  v. 
Therefore,  wfe  can  directly  measure  phonon 
occupation  numbers  by  observing  81  and  &2 
fluorescence.  In  addition,  from  the  decay  of 


Fig.1.  Principle  of 
phonon  detection. 
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the  S2  signal  phonon  lifetimes  are 
obtained. 

Experimental  results  for  phonon 
lifetimes  are  shown  in  Fig. 2.  We  ob¬ 
serve  an  almost  frequency  independent 
phonon  decay  time  in  the  range  up  to 
1.5  THz ,  but,  a  strong  decrease  as  v~5 
at  higher  frequencies.  A  v  ^  depen¬ 
dence  is  predicted  by  theory  for  the 
case  of  phonon  splitting  by  anharmonic 
three  phonon  processes.^  We  compare 
the  lifetimes  with  theoretical  values 
calculated  for  an  isotropic  dis¬ 
persionless  solid.  Regarding  that  due 
to  impurity  scattering  transverse  and 
longitudinal  phonons  at  the  same  fre¬ 
quency  are  in  an  equilibrium,  and 
assuming  that  only  longitudinal  phonons 
can  decay  spontaneously,  whereas 
transverse  phonons  cannot  decay  due  to  energy  and  momentum  conser¬ 
vation,  we  find  that  our  experimental  decay  times  in  the  high-fre- 

4 

quency  range  are  in  agreement  with  theory.  In  the  low  frequency 
range,  the  decay  times  are  an  order  of  magnitude  longer  than  the 
ballistic  times  of  flight  (t^  and  in  Fig. 2)  out  of  the  optically 
excited  volume,  indicating  a  diffusive  propagation  of  the  phonons. 

The  reason  for  a  frequency  independent  lifetime  is  not  known,  the 
low  frequency  lifetime  may  be  due  to  inelastic  scattering  of  phonons 
at  impurities. 

In  order  to  obtain  information  on  the  phonon  spectrum,  which  is 
generated  by  the  nonradiative  transitions,  we  have  determined  phonon 
occupation  numbers  from  the  ratio  Sj/S^  of  the  fluorescence  intensi¬ 
ties.  In  Fig. 3a  experimental  phonon  occupation  numbers  p  are  plotted 
for  different  phonon  frequencies.  We  find  that  immediately  after 
laser  pulse  excitation  phonons  with  a  nonthermal  spectrum  are  con¬ 
tained  in  the  crystal.  In  Fig. 3a  we  have  also  drawn  occupation 
numbers  for  a  Planckian  spectrum  of  T»  10  K.  This  temperature  is 
estimated  using  specific  heat  data  for  the  case,  that  fast  thermal i- 
sation  of  the  absorbed  laser  energy  occurs.  In  the  low  frequency 
range,  the  observed  occupation  numbers  are  up  to  two  orders  of 
magnitude  lower  than  for  the  IO  K  spectrum,  while  at  higher  fre¬ 
quencies  the  experimental  occupation  numbers  are  larger  than  for  the 
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Fig. 2.  Phonon  lifetimes 
in  CaF2  at  T  =  2  K. 
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Planckian  spectrum.  Our  result  Indicates  that  by  the  nonradiatlve 
transitions  mainly  high-frequency  phonons  are  created. 


Fig. 3.  (a)  Phonon  occupation  numbers  p  immediately  after  laser  pulse 
excitation  (t  =  O) ;  (b)  Phonon  spectrum  at  different  times. 

From  the  occupation  numbers  the  spectral  energy  density  of  the 
phonons  is  derived.  In  Fig. 3b  the  spectral  energy  densities  of  the 
phonons  for  two  different  times  t  after  laser  pulse  excitation  are 
shown.  At  t  =  0  we  find  a  large  phonon  energy  at  high  frequencies.  At 
a  later  time  we  observe  a  strong  decrease  in  the  high-frequency  range, 
while  at  lower  frequencies  the  spectral  phonon  energy  has  increased. 
This  confirms  that  high-frequency  phonons  decay  spontaneously  into 
phonons  of  lower  frequencies. 

In  summary,  we  have  studied  the  temporal  development  of  a  non- 
thermal  phonon  distribution  in  CaFj  at  low  crystal  temperature.  The 
results  of  our  measurements  show,  that  phonon  decay  times  are 
strongly  frequency  dependent  in  agreement  with  theory. 

Discussions  with  R.  Orbach  are  acknowledged.  The  work  was 
supported  by  the  Deutsche  Forschungsgemeinschaft. 
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ANHARMONICITY  EFFECTS  IN  CaF2  AT  LOW  TEMPERATURE 

P.F.  Tua  and  G.D.  Mahan 

Physios  Department,  Indiana  University,  Bloomington,  IN  4740S,  U.S.A. 


Abstract .  -  Using  the  framework  of  the  rigid  Ion  model,  we  have  calculated 
the  lifetime  of  longitudinal  acoustic  phonons  in  CaF-  at  low  temperature. 

The  decay  mode  1-*-!  +  t  is  strongly  anisotropic  and  of  one  order  of  magnitude 
smaller  than  the  decay  mode  l-*t  +  t.  For  each  single  decay  mode,  the 
long-wavelength  approximation  which  yields  the  v5  dependence  of  1/x,  is 
valid  for  v  _<  2.5  THz.  At  higher  frequencies,  the  competing  decay  modes 
show  different  deviances  which,  curiously,  cancel  each  other  so  that  the 
total  life-time  can  be  well  approximated  by  the  long-wavelength  limit  up 
to  5. 5  THz.  We  have  also  calculated  the  temperature  dependence  of  the 
second  and  third  order  elastic  constants  and  a  good  agreement  is  found 
with  the  available  experimental  data. 


Several  new  experimental  techniques  have  been  recently  applied  to  study  the 

lifetime  of  high-frequency  acoustic  phonons  at  low  temperature^.  Preliminary 

[21 

results  for  longitudinal  acoustic  (LA)  phonons  in  fluorites,  a-quartz,  and  ruby 

[31 

show  a  lifetime  longer  than  the  theoretical  predictions  of  Orbach  and  Vredevoe 
[41 

and  Rlemens  ,  which  are  based  on  an  isotropic  model  in  the  long-wavelength 

[21 

approximation  (LWLA).  Bron1  has  suggested  that,  for  SrFj,  CaFj,  and  a-quartz, 
the  discrepancy  lies  in  the  differences  in  the  density  of  phonon  states  between 
the  real  crystal  and  an  isotropic,  dispersionless  Debye  solid.  We  believe  this  is 
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not  the  case.  First,  the  frequency  v  of  the  probed  LA  phonons  lies  between  1  and 

[21 

3.5  THz  and  the  devlances  of  the  dispersion  relations  from  the  LULA  are  very 
small  in  that  region,  as  shown  in  Fig.  1  for  CaF2.  Second,  the  form  of  Or bach  and 
Vredevoe's  relation,  where  1/t  is  proportional  to  v5,  is  independent  of  the 
anisotropy  of  the  crystal  in  the  LULA,  because  it  is  a  consequence  of  a  simple 
scaling  law^,  the  anisotropy  affecting  the  constant  of  proportionality  slightly. 

Another  possible  explanation  is  that  the  three-phonon  interaction  matrix 
elements  might  show  large  deviations  from  the  LULA  in  that  frequency  region,  even 
if  the  dispersion  relations  do  not.  In  order  to  investigate  this  possibility,  we 
have  performed  a  numerical  calculation  of  the  LA  phonon  lifetime  in  CaF,  for 
frequencies  between  2.5  and  5.5  THz.  Ue  have  used  the  Landau  and  Rumer  J  theory 
for  the  case  hv»KBT.  A  simple  calculation^  shows  that  the  umklapp  processes  play 
a  minor  role  in  the  region  v<5.5  THz,  and  hence  they  have  been  neglected.  Strictly 
speaking,  the  calculation  is  at  zero  temperature,  but  the  LA  phonon  decay  is 
temperature-independent  at  sufficiently  low  temperature  (<15°K,  in  our  case),  as 

[31 

shown  by  Or bach  and  Vredevoe  .  Ue  have  used  the  rigid  ion  model  where  the  ions 
have  an  "effective"  charge  and  the  short-range  pair-potentials  have  the  usual 
Born-Mayer  form^.  The  parameters  have  been  determined  by  fitting  the  neutron 

rgi 

scattering  data1  and  the  temperature-dependence  data  of  the  second-order  elastic 

[91 

constants  1 .  In  Fig.  2  we  show  the  temperature-dependence  of  c^  as  an  example  of 
the  good  agreement  between  theory  and  experimental  data.  Ue  have  also  performed  a 
long-wavelength  expansion  of  the  Interaction  matrix  elements  and  calculated  the 
third-order  elastic  constants.  The  values^  are  in  satisfactory  agreement  with  the 
available  experimental  data^^,  since  the  latter  refer  to  the  first-sound  region 
where  vertex  corrections  become  important 
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Fig.  3:  Transition  rate  of  LA  phonons 
in  CaTj  for  decay  LA-*LA+TA. 
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Fig.  4:  Transition  rate  of  LA  phonons 
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Table  I  -  Lifetime  CIO  10sec)  of  LA  phonons  with  hv»KgT  In  CaFj. 


v  (THz) 

(0,0,1) 

(0,1,1) 

(l.l.D 

2.5 

33.9 

11.9 

6.41 

3.5 

6.33 

2.18 

1.19 

4.5 

1.80 

0.610 

0.341 

5.5 

0.662 

0.220 

0.125 

The  calculated  total  LA  phonon  lifetimes  in  the  three  principal  directions  is 

reported  in  Table  I.  As  expected,  the  lifetime  depends  upon  the  direction,  but 

only  within  a  factor  of  5.  The  v5-dependence  is  well  satisfied.  Nevertheless,  as 

shown  in  Figs.  3  and  4,  the  single  decay  modes  show  deviations  from  the 

v5-dependence  but  they  cancel  out  in  the  total  lifetime.  The  strong  deviation  of 

the  process  LA-+LA+TA1 ,  where  TA1  is  the  lowest  transverse  acoustic  branch,  can  be 

attributed  only  to  the  Interaction  matrix  elements,  because  the  differences 

f81 

between  the  two  TA  branches  are  minimal1  .  Besides,  in  the  (0,0,1)  direction  the 

transition  rate  for  LA-*-TA+TA  is  one  order  of  magnitude  greater  than  that  for 

r  31 

LA+LA+TA,  to  the  contrary  of  Orbach  and  Vredevoe's  assumption  J.  The  ratio 
between  the  two  decay  modes  becomes  smaller  in  the  other  two  principal  directions. 

In  conclusion,  a  realistic  calculation  of  the  lifetime  of  LA  phonons  in  CaF^ 
with  hv»KBT  and  2.5  THz  <v<5.5  THz  confirms  the  v5-dependence  and  suggests  that  a 
more  careful  interpretation  of  the  raw  experimental  data  is  needed. 
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PHONON  DAMPING  IN  CRYSTALLINE  AND  AMORPHOUS  SOLIDS  AT  HYPERSONIC 
FREQUENCIES 


R.  Vacher  and  J.  Pelous 

Laboratoire  de  SpectromAtrie  Rayleigh  Brillouin  (ERA  480),  University  dee 
Sciences  et  Techniques  du  Languedoc,  Place  E.  Bataillon,  34080  Montpellier 
Cedex,  Prance 


Abstract.-  We  present  new  Brillouin  scattering  measurements,  for  temperature 
ranging  from  1  K  to  room  temperature  in  a  broad  range  of  insulating  solids 
(crystalline  and  amorphous  solids) .  We  analyse  the  temperature  dependence  of 
the  attenuation  of  longitudinal  phonons  (frequency  higher  than  15  GHz)  on 
the  basis  of  the  physical  processes  responsible  for  the  phonon  damping. 


Measurements  of  acoustic  attenuation  in  solids  for  frequencies  higher  than 
10  GHz  are  scarce,  because  the  large  attenuation  at  these  frequencies  makes  the  ul¬ 
trasonic  experiments  difficult,  excepted  at  low  tenperatures.  Brillouin  scattering, 
which  is  the  appropriate  tool  for  such  measurements,  has  been  used  in  a  broad  range 
of  insulating  solids  for  tenperatures  ranging  from  1  K  to  300  K.  We  have  studied  io¬ 
nic  and  molecular  crystals,  inorganic  glasses  and  amorphous  polymers.  Our  purpose  is 
to  bring  out  the  laws  for  the  temperature  variation  of  the  danping,  to  conpare  them 
with  those  observed  at  lower  frequencies,  and  to  analyse  these  results  on  the  basis 
of  the  theoretical  models  describing  the  physical  processes  responsible  for  the  at¬ 
tenuation. 

(i)  Ionic  crystals.  In  such  materials,  the  acoustic  danping  a  is  known  to  originate 
from  anhaimonic  phonon-phonon  interaction.  Sodium  Chloride  is  used  here  as  an  exam¬ 
ple.  In  this  crystal,  previous  ultrasonic  measurements1  have  demonstrated  the  exis¬ 
tence  of  two  well-defined  limiting  regimes.  At  low  tenperatures  (below  20  K)  the 
condition  wt  »  1  was  fulfilled  (w  is  the  frequency  of  the  acoustic  wave  and  t  the 
lifetime  of  thermal  phonons).  The  experiment  gave  a  'v  T1*  in  agreement  with  the  theo¬ 
ry  in  the  Landau- Rumer  regime.2  At  higher  tenperatures,  the  Akhieser  regime  (wx«1) 
was  reached  ;  the  ultrasonic  attenuation  a  was  then  found  proportional  to  T°  which 
also  agrees  with  theory.  In  contrast,  Brillouin  experiments  around  30  GHz  indicates 
o  <v  l11,  with  n  *  2.S  below  60  K.  At  higher  temperatures,  the  T°  law  is  not  observed. 
A  satisfying  explanation  of  this  surprising  behaviour  can  be  found  extending  the 
current  theories  of  the  attenuation  due  to  phonon- phonon  interactions,  to  the  unu¬ 
sual  temperature- frequency  regime  reached  in  our  experiments. 3 

(ii)  Molecular  crystals.  Our  experiments  in  succinonitrile4  and  a-sulfur5  have  de¬ 
monstrated  that  a  dispersion  and  attenuation  of  elastic  waves  can  be  observed  by 
Brillouin  scattering  in  molecular  crystals.  Such  experiments  at  hypersonic  frequen¬ 
cies  show  that  relaxation  processes  with  characteristic  times  of  the  order  of  10“ 11  s. 
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are  present  in  these  crystals,  in  addition  to  anharmonic  phonon-phonon  processes. 

For  more  details  on  the  molecular  relaxation  observed  in  a-sulfur,  the  reader  is  re¬ 
ferred  to  the  paper  presented  separately  at  the  same  Conference.6 
(Hi)  Inorganic  glasses.  Above  1  K,  two  striking  features  are  observed  in  most  of  the 
inorganic  glasses.  For  tenreratures  around  1  K,  the  ultrasonic  attenuation  is  pro¬ 
portional  to  T3  (frequencies  lower  than  1  GHz).  In  this  temperature  range  the  domi¬ 
nant  process  is  the  relaxational  absorption  via  phonon-assisted  tunnelling.  At  hi¬ 
gher  temperatures,  a  -  more  or  less  pronounced  -  absorption  peak  is  often  observed, 
which  is  assigned  to  thermally  activated  relaxation  processes.  Such  a  behaviour  has 
been  observed  in  glasses  of  very  different  chemical  composition  as,  for  instance, 
vitreous  Si02  and  LaSF7 ,  a  metallic  oxyde  glass,  for  frequencies  of  about  100  1Hz.7 
Our  Brillouin  scattering  experiments  in  LaSF7 ,  plotted  in  Fig. 1 ,  exhibit  a  complete¬ 
ly  different  behaviour  (the  frequency  is  about  40  (Hz)  :  o  is  found  nearly  propor¬ 
tional  to  T  in  the  whole  temperature  range  studied. 


Fig.  1  -  Hypersonic  attenuation  of 
longitudinal  waves  (42  GHz)  in 
metallic  oxyde  glass  LaSF7. 


In  vitreous  SiOj ,  we  have  already  shown8  that  the  relaxation  process  which 
accounts  for  all  of  the  ultrasonic  attenuation  can  only  explain  (me  part  of  the  hy¬ 
personic  values.  Phonon-phonon  interactions  have  been  suggested  to  explain  this  ex¬ 
cess.  A  similar  explanation  can  be  proposed  for  LaSF7  results. 

(iv)  Amorphous  polymers.  At  ultrasonic  frequencies,  the  peak  due  to  thermally  acti¬ 
vated  relaxations  is  also  observed  in  polymers.  However,  at  l<*r  temperatures,  a  ap¬ 
pears  here  proportional  to  tuT.  Our  results  in  polystyrene  (Fig. 2 -the  frequency  is 
about  18  (Hz)  exhibit  a  T- dependence  in  a  large  teaperature  range,  and  agree  appro¬ 
ximately  with  an  w-law  where  compared  to  the  ultrasonic  values  below  10  K.  The  best 
candidate  for  explaining  a  wT  law  is  a  distribution  of  thermally  activated  relaxa¬ 
tion  processes,  with  a  nearly  constant  density  of  activation  energies.9 
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Fig.  2  -  Hypersonic  attenuation  of 
longitudinal  waves  (18  GHz)  in 
amorphous  polystyrene. 


However,  as  for  inorganic  glasses,  the  hypersonic  results  cannot  be  described 
as  a  whole  on  the  basis  of  the  ultrasonic  values  of  the  relaxation  parameters. 

The  above  results  show  that,  for  all  of  the  insulating  solids  studied,  the 
temperature  dependence  of  acoustic  damping  is  very  different  for  ultrasonic  and  hy¬ 
personic  frequencies.  In  amorphous  materials,  the  thermally  activated  relaxations 
appear  to  be  insufficient  for  explaining  the  hypersonic  results  above  20  K.  Phonon- 
phonon  interactions  seem  to  contribute  appreciable  to  the  acoustic  damping. 
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HARMONIC  AND  ANHARMONIC  PROPERTIES  OF  SILICON 


K.H.  Wanser  and  R.F.  Wallis 

Department  of  Physics,  University  of  California,  Irvine,  California  92717, 
U.S.A. 


Abstract.-  Silicon  has  interesting  harmonic  and  anharaonic 
properties  such  as  the  low-lying  transverse  acoustic  modes  at  the 
X  and  l  points  of  the  Brillouin  tone,  negative  Gruneiaen  para¬ 
meters,  negative  theraal  expansion  and  anoaalous  acoustic 
attenuation.  In  an  atteapt  to  understand  these  properties,  we 
have  developed  a  lattice  dynamical  model  for  silicon  eaploying 
long-range,  non-local,  dipole-dipole  interactions.  Several 
interesting  features  of  this  interaction  are  found  and  dis¬ 
cussed.  We  present  analytic  expressions  for  the  Gruneiaen 
paraaeters  that  explain  how  the  negative  Gruneiaen  paraaeters 
arise.  Application  of  this  aodel  to  the  calculation  of  the 
theraal  expansion  of  silicon  is  aade. 


It  is  well  known  that  comparatively  long  range  interactions  are 
necessary  to  explain  the  elastic  constants  as  well  as  the  low-lying 

TA[100]  and  [111]  nodes  in  silicon.  Several  models  have  been 

1  2 

developed  to  explain  this  behavior.  Attempts  to  coapute 

anharaonic  properties  have  utilised  first  neighbor  anharaonicity  or 

.  .  .  .  2 

first  and  second  neighbor  anharaonicity,  one  of  the  authors 

concluding  that  this  was  sufficient  to  explain  the  aode  Gruneiaen 
paraaeters  and  theraal  expansion  coefficient.  That  this  is  not  the 
case  can  be  seen  froa  the  fact  that  the  Gruneiaen  paraaeters  for  these 
aodels  are  in  aajor  disagreement  with  experiaent  for  several  aodes. 

The  aodel  we  use  eaploys  first  thru  fourth  neighbor  central 
potentials,  nearest  neighbor  angle  bending  and  displaceaent  induced 
non-local  dipoles.  An  interesting  feature  of  the  non-local  dipole 
interaction  is  that  it  does  not  affect  the  elastic  constants  or  the 
Raaan  frequency.  This  is  in  contrast  to  Che  local  quadrupoles  used  by 
Lax . 3 

A  ten  independent  parameter  preliminary  fit  of  our  aodel  to  the 
experiaental  data  is  shown  in  Fig.  1.  The  aajor  feature  of  this 
dipole  aodel  is  the  draaatic  lowering  of  the  TA  modes  at  the  X  poiot. 

Froceeding  to  the  anharaonic  properties,  we  note  that  silicon  has 
negative  theraal  expansion  and  thus  negative  Cruneisen  pareaeters  for 
some  aodes.  The  voluae  theraal  expansion  coefficient  is  given  to 
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loweat  order  in  the  anharaonicity  by 

a  -  yi-  l  y(£j)C  (o(£j)) 
o  kj 


(1) 


Here  B  ia  the  bulk  modulus,  V f,  the  volume  of  the  bare  crystal,  u(kj) 
the  bare  haraonic  frequency,  Cg(u)  ia  the  Einetein  apecific  heat 
function  and  y(Jj)  the  aode  Gruneiaen  paraaeter. 


Fig.  1.  Preliainary  fit  of 
dipole  aodel  to 
experimental  data  for 
ailicon. 

To  illuatrate  the  origin  of  the  negative  aode  gaaaaa,  conaider 
the  analytic  expr eatioas  w  have  found  at  the  X  point. 
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In  Eqa.  (2)  a  ia  the  conventional  Cuba  edge,  €  the  atatic  dielectric 

constant,  p,  and  p.  are  haraonic  dipole  paraaeters,  pj1^  and  are 

(1)  1  z 

anharaonic  dipole  paraaeters,  «  is  an  anharaonic  angle-bending 


/  (r  ),  t'.(t  ),  (r  )  are  the  derivatives  of  the 

1  O  1  O  1  © 
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first  neighbor  potential  function  etc.  The  fourth  neighbor  interaction 

does  not  contribute  at  the  X  point.  The  interesting  feature  of  Eqs. 

(2)  is  that  the  nearest  neighbor  third  derivative  is  not  present  in 

Kq.  (2a)  but  is  in  Eq.  (2b).  This  is  the  explanation  for  why  the  TAX 

■ode  has  a  negative  mode  gamaa  and  the  TOX  mode  does  not.  It  is  due 

to  the  fact  that  the  diaaond  structure  has  a  nearest  neighbor  central 

force  instability.  In  fact,  it  is  just  those  aodes  that  have  the 

instability  that  exhibit  the  negative  aode  gaaaa.  This  point  has  not 

been  recognised  in  the  literature  previously.  He  eaphasize  again  that 

since  dTir  )  is  of  opposite  sign  to  4*(r  ),  the  cancellation  of 
i  O  1  o 

( r o )  in  certain  modes  makes  the  mode  gamaa  extremely  likely  to  be 
negative . 

A  preliainary  calculation  of  the  thermal  expansion  is  shown  in 
Fig.  2.  In  this  calculation  the  four  third  order  potential 


o  to  ioo  iio  too  no  mo 

TOO 


Fig.  2.  Volume  thermal 
expansion  coefficient  of 
silicon.  Solid  line  is 
present  calculation, 
circles  are  experiaental 
data. 


derivatives  were  fit  to  the  experiaental  aode  gaaaas  at  X,  L  and  the 


elastic  region.  The  dipole  and  angle-bending  anharaonic  paraaeters 
were  fixed  by  theoretical  considerations.* 
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PHONON-PHONON  INTERACTIONS  IN  MOLECULAR  CRYSTALS  STUDIED  BY  ULTRASONIC 
METHODS 


B.  Perrin  and  F.  Michard 

D&partement  de  Recherche e  Physiques,  Tour  22,  University  P.  et  M.  Curie, 
7 6230  Paris  Cedex  06,  France 


Abstract.  -  Internal  vibrations  of  molecules  are  slightly  affected 
by  lattice  effects  in  molecular  crystals  so  that  there  are  only 
weak  interactions  between  internal  and  external  phonons  which 
give  slow  relaxation  times  in  the  phonon  collision  operator.  Thus 
an  ultrasonic  relaxation  may  be  expected  in  molecular  crystals. 

In  this  work  it  is  shown  that  this  molecular  relaxation  may  be 
taken  into  account  in  the  framework  of  Akhieser's  theory  and  a 
relation  between  sound  absorption  and  relaxation  time  is  given. 
Results  obtained  through  acousto-optic  interaction  on  ionic-mole¬ 
cular  crystals  are  also  mentioned. 


1 .  Introduction.  -  Internal  vibrations  of  molecules  are  quite  unaffec¬ 
ted  by  lattice  effects  in  molecular  crystals  so  that  there  are  only 
weak  interactions  between  internal  and  external  modes  of  vibrations  of 
the  isolecules  in  these  crystals.  This  weakness  entails  the  existence 
of  slow  relaxation  processes  during  the  thermalization  of  the  whole 
set  of  phonons  after  any  perturbation  of  the  thermal  equilibrium.  The 
times  involved  in  these  processes  lying  in  the  ultrasonic  frequency 
range,  an  ultrasonic  relaxation  may  be  expected  in  molecular  crystals. 
This  "molecular  relaxation",  due  to  a  slow  transfer  of  energy  between 
the  internal  and  external  degrees  of  freedom  of  molecules,  has  been 
extensively  studied  in  molecular  gases  and  liquids  and  Liebermann1 
was  the  first  to  suggest  the  extension  of  this  phenomenon  to  the  solid 
state.  Since  his  pioneering  work,  some  experimental  studies  led  on 
organic  molecular  compounds  have  clearly  shown  the  existence  of  a 
relaxation  process  which  underlie* a  special  ultrasonic  behavior  of  mo¬ 
lecular  crystals  among  dielectric  ones.  We  present  in  this  work  recent 
theoretical  and  experimental  developments  concerning  this  field. 

2.  Theoretical  aspect.  -  The  present  status  of  the  theory  in  this  field 
is  unsatisfying  in  several  points.  For  example,  Richards2 'relation 
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given  by 


a 


Q2t 


22 
i  +  n  t 


(i) 


is  used  to  relate  the  sound  absorption  a  and  the  relaxation  time  t  ; 
here  Q  and  s  are  respectively  the  angular  frequency  and  the  velocity 
of  the  sound  beam,  CD  and  Cy  are  the  specific  heats  at  constant  pressu¬ 
re  and  constant  volume  and  is  the  specific  heat  associated  with  the 
internal  degrees  of  freedom  of  molecules.  This  expression  has  been 
derived  considering  specific  properties  of  gas  and  liquid  phases  and 
its  use  in  the  solid  state  seems  questionable.  Moreover  no  mention  has 
never  been  made  of  the  fact  that,  although  molecular  crystals  belong 
to  the  family  of  dielectric  crystals,  the  molecular  relaxation  does 
not  seem  predicted  by  the  classical  theories  of  ultrasonic  attenuation 
in  dielectric  crystals.  The  answer  to  these  two  points  may  be  found  by 
considering  a  solid  state  point  of  view  (in  contrast  to  Liebermann ' s 
approach) .  The  molecular  relaxation  times  being  greater  than  the  mean 
lifetime  of  thermal  phonons,  this  phenomenon  occurs  in  a  hydrodynamic a 1 
regime  of  ultrasonic  propagation  and  may  be  studied  with  the  Boltzmann 
equation  approach.  The  phonon  collision  operator  involved  in  this 
approach  is  usually  simplified  by  the  collision  time  approximation 
which  means  that  all  the  phonons  have  the  same  status  during  the  ther¬ 
mal  ization  and  which  leads  to  the  classical  expression  of  the  Akhieser 
loss3.  This  assumption  obviously  fails  in  molecular  crystals  for  which 
we  have  to  consider  two  phonon  systems  (external  and  internal  phonons) 
which  have  only  weak  interactions  between  them.  One  of  the  author4  has 
recently  proposed  a  model  describing  the  behavior  of  phonon-phonon 
interactions  in  molecular  crystals  and  has  shown  that  the  ultrasonic 
absorption  a  may  be  written  a*aA  +  aR  where  aA  is  close  to  the  ex¬ 
pression  of  the  Akhieser  loss  and  is  a  relaxation  term  given  by 


■*^7 

2ps 


Cv-CI 


(C11kl  Pki  eiKj)‘ 


Q2t 

1  +  oV 


(2) 


Here  are  the  elastic  constants,  the  thermal  expan¬ 

sion  tensor,  e^  and  components  of  the  polarization  e  and  norma¬ 
lised  wave  vector  K  of  the  sound  beam,  T  the  temperature  and  p  the 
density.  For  isotropic  and  cubic  symmetries  this  expression  may  be 
reduced  to 


o_  «  1  VCv 
°R  75  c  ' 


ci  /cn  2ci2\  .*  q2t 

~TF~  I - 5 — I  <••*>  - 

\  3pS*  /  1  +  OV 


(3) 


which  differs  from  Richards'  expression  by  the  existence  of  the 
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structure  factor 


fi?“) 


resulting  from  the  accounting  for  the 


properties  of  the  solid  state.  Moreover  for  symmetries  lower  ^han^p^bic 
it  is  impossible  to  introduce  in  a  natural  way  the  quantity 


r  .than  cub 
/Cp  -  cv\ 

l.S  ) 


»R  .  Thus  the  Boltzmann  equation  approach,  on 


in  the  expression  of 
the  one  hand,  makes  it  possible  to  consider  the  molecular  relaxation 
as  a  particular  aspect  of  the  Akhieser  absorption  mechanism  and,  on 
the  other  hand,  proves  that  the  use  in  the  solid  state  of  Richards’ ex¬ 
pression  is  indeed  questionable;  moreover  it  gives  an  expression  of  a 
which  takes  into  account  the  specific  elastic  properties  of  the  solid 
state . 


3.  Experimental  aspect.  -  Most  of  the  ultrasonic  studies  on  molecular 
compounds  which  have  been  reported  up  to  now  have  been  led  with  the 
classical  pulse  echo  method.  In  fact,  this  method  does  not  seem  adapted 
to  this  problem  because  a  careful  analysis  of  the  frequency  dependence 
of  the  absorption  needs  to  use  high  frequencies  (>  100  MHz)  and  more¬ 
over  the  attenuation  is  expected  to  be  very  large.  On  the  other  hand 
the  light  diffraction  by  elastic  waves  seems  a  suitable  tool  for  this 
study  whether  ultrasonic  waves  are  used  (Bragg  diffraction)  or  thermal 
waves  (Brillouin  scattering) .  The  interest  of  light  diffraction  by 
elastic  waves  has  been  emphasized  by  an  ultrasonic  study5-6  on  the 
isomorphous  cubic  crystals  Sr(N03)2  ,  Ba(NC>3)2  and  Pb(NC>3)2  (which  may 
be  termed  ionic-molecular  crystals)  for  which  the  ultrasonic  absorp¬ 
tion  has  been  measured  for  a  large  range  of  frequency  and  temperature. 
In  these  compounds,  a  relaxation  process  has  been  identified  which  can 
be  viewed  as  a  molecular  relaxation;  thus  this  study  seems  to  be  the 
first  experimental  evidence  of  the  molecular  relaxation  in  ionic- 
molecular  compounds  and  proves  that  this  phenomenon  is  closely  connec¬ 
ted  with  the  "molecular  character"  of  a  crystal.  An  other  consequence 
of  this  study  is  that  the  analysis  of  experimental  results  has  shown 
that  relation  (3)  offers  a  better  fit  than  Richards ’expression  for 
ultrasonic  measurements  in  molecular  compounds. 
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TEMPERATURE  DEPENDENCE  OF  PHONON-PHONON  INTERACTION  IN  SILICON 


M.A.  Breaseal*  and  J.  Philip 

Department  of  Physios,  The  Unix>ereity  of  Tennessee,  tovxcoille,  TV  87916, 
U.S.A. 


Abstract.-  The  generation  of  a  second  harmonic  of  an  Initially  sinusoidal 
ultrasonic  wave  can  be  considered  as  col  linear  Interaction  between  two  Identi¬ 
cal  phonons  to  produce  the  sum  frequency  phonon.  This  phenomenon  has  been 
studied  In  considerable  detail,  and  the  studies  have  led  to  a  technique  for 
measuring  harmonic  amplitudes  and  calculating  anharmonlc  coupling  coefficients 
In  terms  of  second-  and  third-order  elastic  constants.  Measurements  have  been 
made  on  silicon,  and  have  resulted  for  the  first  time  In  a  complete  set  of 
third-order  elastic  constants  at  temperatures  between  3°K  and  300°K.  Results 
are  presented  for  silicon  between  3eK  and  300° K  and  a  comparison  Is  made 
between  TOE  constants  calculated  by  using  our  data  In  the  Keating  theory  and 
TOE  constants  evaluated  by  combining  our  data  and  those  of  Beattie  and 
Schlrber. 


Introduction.-  Nonlinear  Interaction  of  two  phonons  of  freouency  u1  and  u2  produces 
both  sum  and  difference  frequency  phonons.  This  Interaction  can  be  described  In 
terns  of  an  Interaction  Hamiltonian  which  contains  coupling  parameters  that  can  be 
expressed  In  terms  of  higher-order  elastic  constants.  Specialization  to  colllnear 
propagation  of  phonons  of  the  same  frequency  leads  to  a  sum  frequency  which  Is  the 
second  harmonic.  Going  to  the  continuum  limit  leads  to  a  set  of  equations  which  con¬ 
tain  nonlinear  coefficients  which  can  be  measured  at  ultrasonic  frequencies.  We  have 
measured  the  nonlinearity  parameters  of  silicon  and  have  Interpreted  our  results  In 
terns  of  the  Keating  lattice  dynamical  model  to  obtain  all  six  third-order  elastic 
constants  as  a  function  of  temperature  between  3°K  and  300°K.  In  addition,  we  have 
combined  our  data  with  that  of  Beattie  and  Schlrber  to  obtain  the  TOE  constants  at 
300°K,  77°K,  and  4°K. 


Method.-  The  experimental  setup  and  the  procedure  to  measure  the  absolute  amplitudes 

of  the  fundamental  and  generated  second  harmonic  of  an  initially  sinusoidal  ultrasonic 

wave  propagating  through  a  nonlinear  medium  has  been  described  In  earlier  publlca- 
12  3 

tlons.  ’  ’  In  the  special  directions  along  which  pure  mode  longitudinal  wave  propa¬ 
gation  Is  possible,  the  nonlinear  wave  equation  for  a  cubic  crystal  reduces  to  the 
form4 
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»0  ~7 
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where  Kj  and  K3  are  linear  combinations  of  second-  and  third-order  elastic  constants 
respectively  given  by 
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and 


KgClOO]  =  Cn 


K3CIOO]  *  C-|ii 


K2[110]  =  \  (Cn  +  C12  +  2C44) 


K2[in]  =  }  (Cn  +  2C12  +  4C44)  , 


K3DIO]  =  j  (C-j^  +  3C112  +  12C166)  ; 


K3[in]  =  5  (C111  +  +  12ci44  +  24c166  +  2C123  +  16C456^ 


(2) 


(3) 


Considering  an  Initially  sinusoidal  disturbance  at  a-0,  the  solution  to  Eo.  (1)  is  of 
the  form 


A  2k2a  3 1C,  +  K 

u  =  A^infka-ut)  — ^-g —  ( - ^ — -)cos  2(ka-wt)  + 


(4) 


in  which  a  is  the  propagation  distance  and  k  is  the  propagation  constant.  Measuring 
thp  amplitude  of  the  fundamental  wave  and  the  amplitude  of  the  second  harmonic  allows 
one  to  calculate  the  Kj  parameters  along  the  pure  mode  directions.  Measurements  have 
been  made  for  silicon  as  a  function  of  temperature  between  3  and  300°K  by  measuring 
the  absolute  Aj  and  A2  values  using  a  variable  gap  capacitive  detector.  The  K2 
parameters  have  been  determined  by  measuring  the  longitudinal  wave  velocities  along 
the  syimnetry  directions. 

Keating's5  theory  of  the  TOE  constants  of  diamond-like  solids  Is  basically 
equivalent  to  the  Born-Huang  approach  of  imposing  the  invariance  requirements  on  the 
enharmonic  strain  energy  of  the  crystal.  Keating  has  derived  the  expressions  for  the 
six  TOE  constants  in  terms  of  three  enharmonic  first  and  second  neighbor  force  con¬ 
stants  y»  s  and  e  and  two  harmonic  force  constants  a  and  B: 


Cm  =  y  -  6  +  9e 


112 

C123 


Y  -  6  +  E 

Y  ♦  38  -  3e 


a-B 

g+B 


where 

2C12 

Cll+C12 


(5) 


C144  *  y(1-C)2  +  «(1+C)2  +  e(l+0(3c-D  ♦  C12S2 

C166  *  tO-O2  -  «(1H)2  +  c(lH)(3-C)  ♦  C12?2 

C456  * 

Combining  the  set  of  equations  (3)  and  (5),  we  can  write  the  three  enharmonic 
force  constants  c,  i  and  y  in  terms  of  the  Kg  parameters.  Evaluation  of  e,  6  and  y 
as  a  function  of  temperature  from  the  temperature  dependent  Kg  parameters  leads  to 
the  determination  of  all  the  TOE  constants  as  a  function  of  temperature. 


Results  and  Discussion.-  The  TOE  constants  of  silicon  plotted  as  a  function  of 
temperature  are  reproduced  In  Figs.  1(a)  and  2(a,).  He  have  plotted  both  the  calcu¬ 
lated  data  points  as  well  as  the  best  fit  curve  through  them  to  show  the  effect  of 
error  propagation,  laattle  and  Schlrber®  have  measured  the  pressure  derivatives  of 
the  SOE  constants  of  silicon  at  4,  77  and  300°K.  Combining  their  results  with  our 
Kg  values,  we  have  Isolated  all  the  six  TOE  constants  at  these  specific  temperatures 


C6-IJ6 


JOURNAL  DE  PHYSIQUE 


t 

t/> 

I 

Q 

% 


TEMPERATURE  t’K) 

40  90  120  160  200  240  290 

*5 

o  0 

TEMPERATURE !°K) 

40  80  IZO  160  200  240  280 

N  u 

ifi 

LU 

CKS 

V  -2 
Q 

n  -  - r - — O-  ■ 

CT 

O  -4 

”  ^166 

d  „  C02 

to 

K  a 

2  -6 
< 

"'CII2 

cm 

1  -e 

- - - - - ^ - o- 

n  nn-a-a - 

O 

O 

UJ  -10 

^tll 

O 

►- 


(a)  Our  data  plus  Keating  theory 

Fig 


(b)  Our  data  plus  Beattie  and  Schirber 
data 


1.  The  TOE  constants  C^,  cn2*  an<*  ^166  of  s^’con  plotted  as  a  function  of 
temperature. 


TEMPERATME  t'K) 


TEMPERATURE ( °K  ) 


(a)  Our  data  plus  Keating  theory 


data 


Fig.  2.  The  TOE  constants  C1?,,  C144,  and  C4c6  of  silicon  plotted  as  a  function  of 
temperature. 

The  calculated  points  and  the  curves  joining  them  are  given  in  Figs.  1(b)  and  2(b). 

A  comparison  between  1(a)  and  1(b)  and  between  Z(a)  and  2(b)  shows  the  extent  to 
which  the  Keating  model  and  experimental  results  agree  for  silicon.  The  fact  that  we 
can  measure  three  quantities  and  that  the  Keating  model  Involves  only  three  enhar¬ 
monic  force  constants  has  made  this  approach  possible.  The  Griinelsen  parameters  of 
silicon  evaluated  as  a  function  of  temperature  using  our  TOE  constant  data  are  in 
better  agreement  with  experimental  curves  than  those  reported  by  earlier  workers  who 
treated  TOE  constants  as  temperature  Independent. 
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NON-LINEAR  DYNAMICAL  EXCITATIONS  IN  SOLIDS 

A. A.  Maradudin*,  A.J.  Martin,  H.  Bilz  and  R.F.  Wallis* 

Hax-Planok-Institut  fdr  FestkSrperforsahung,  Heisenberg  8  trasse  1,  7000  Stuttgart 
80,  F.R.G. 

Abstract.-  Vibrational  excitations  can  exist  in  non-linear  sy¬ 
stems  which  have  no  counterpart  in  the  corresponding  linear  sy¬ 
stems.  In  this  paper  we  investigate  such  excitations  in  systems 
where  the  non-linearity  is  of  an  on-site  character.  In  particu¬ 
lar,  we  analyze  the  existence  conditions  for  localized  (and  de¬ 
localized)  excitations,  and  their  interaction  with  external  fields. 

In  this  paper  we  discuss  the  properties  of  non-linear  periodic 
lattice  waves  in  models  of  perfect  and  imperfect  crystals.  Our  model 
Hamiltonians  contain  a  fourth-order  on-site  electron- ion  potential 
reminiscent  of  ^-models .  This  approach  is  motivated  by  the  success 
of  the  self-consistent  phonon  approximation  (SPA)  for  the  investigat¬ 
ions  of  ferroelectric-type  phase  transitions  in  terms  of  such  models 
(refer  to  Bussmann  et  al. ,  this  Conference) . 

2.  General  Solution  to  the  Dynamical  Monomer  Problem 

The  monomer  (Fig.  1)  consists  of  one  anion  and  one  cation.  If  the  cen¬ 
ter  of  mass  motion  is  factored  out,  the  sy¬ 
stem  is  described  by  two  coupled  variables, 
which  may  be  chosen  as  the  displacement,  u, 
of  the  cation  relative  to  the  anion  core  and 
the  displacement,  w,  of  the  anion  shell  rela¬ 
tive  to  its  core.  The  oscillation  frequency 

of  the  monomer  is  displayed  in  Fig.  2  as  a 
2 

function  of  w*,  where  w„  Is  the  maximum  dis- 

°  °  2  2 
placement  from  the  origin.  The  range  wQ>wcrit 

belongs  to  enharmonic  oscillations  which  tra- 

2 

verse  the  origin  w-o  (the  solution  at  w  -0.4 

2°  2 

is  the  only  harmonic  one).  The  range  wQ  <cr^t 
describes  oscillations  which  are  localized  in  one  or  another  of  two 
equivalent  potential  wells.  The  minimum  squared  displacement  from  the 
origin  increases  from  zero  to  the  left  of  until  it  coincides 

with  w^  at  -g2/g4  (notice  that  the  frequency  does  not  go  to  zero  at 
this  point) . 

* Permanent  address  :  Department  of  Physics,  University  of  California, 
Irvine,  CA  92717,  U.S.A. 
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3.  A  Nonlinear ly  Polarizable  Impurity  in 
a  Linear  Chain 

We  now  turn  to  the  consideration 
of  a  problem  in  which  a  nonlinearly  po¬ 
larizable  atom  is  present  as  a  substi¬ 
tutional  impurity  in  a  monatomic  linear 
chain  (Fig.  3).  We  seek  a  solution  for 
the  displacement  field  in  the  chain  that 
decays  exponentially  with  increasing  di¬ 
stance  from  the  impurity  site,  i.e.  a 
localized  mode. 


Fig.  2  Frequency  vs.  squared  ma¬ 
ximum  amplitude.  0/a=o.  2,  <3^^  *= 
-0.2,  w  is  in  units  of  (2/3)  x 
(f/u)1/2»  “here  y  is  the  reduced 
mass,  and  a  *3g4>o,  0-f+g2,  f  >o. 


Fig.  3  A  nonlinearly  polarizable 
lnfurity  in  a  monatomic  Hwwr 
chain. 


We  can  obtain  an  exact  solution  to 
the  equations  of  motion  of  the  chain 


with  the  Ansatz 

w  =  A  coswt 
o 

(3.2a) 

u  =  B^1  *coswt+B^cos3(dt 
o 

(3.2b) 

un=  (- 1 )  n[c  * 1  ^  e-n^co8«t+c ( 3  ^  e~n*1 

cos3<otj 

n>1 , 

(3.2c) 

where  w_  is  the  relative  shell-core  dis- 
o 

placement  of  the  impurity  atom,  and  u 

fch  ** 

is  the  displacementment  of  the  n  core, 

when  we  assume  in  addition  that  u  *u  . 

-n  n 

In  Eq.  (3.2c)  the  quantities  A  and  y 
are  the  real  quantities  given  by  X 
«2cosh-1  (ui/ajjJ  ,  y-2cosh_1  (3(u/a>L) ,  where 
<dl«(4y/M)  ^2  is  the  maximum  normal  mode 
frequency  of  the  unperturbed  chain.  The 
frequency  of  the  localized  mode  must 
therefore  be  larger  than  u>L  for  the  so¬ 
lution  (3.2)  to  exist.  The  equation  de¬ 
termining  u  is 


»M»m2  9MM2-f-Y(1+e~u) 
2f  9Hm2“Y  (1+e~1i) 


1. 


(3.3) 


With  u  determined  from  this  equation  the  amplitude  A  is  found  from 
the  relation 


A 


2 


*92  r  2£/92  i 

1  +  - 1 - |>  o, 

J94L  (2f/M'u>)  -X  ■* 


(3.4) 


\ 
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where  X  =[m2-f-v  (1+e~X ) ]/  [  Mo>2-y  (1+e"*  )  J  . 

It  should  be  pointed  out  that  for  g2<o,  Eqs.  (3.3)- (3.4)  have  a 
solution  even  If  M*«M  and  f**y  provided  that  !  g^/Y*  2.8.  In  this  case 
the  localized  mode  has  no  counterpart  In  the  harmonic  approximation. 


4.  Response  to  External  Electric  Fields 

If  the  perlodon  solutions  to  the  nonlinear  equation  of  motion  of 

a  crystal  containing  atoms  or  ions  possessing  nonlinear  polarizabilities 

are  to  be  observed  experimentally,  it  is  likely  to  be  through  features 

they  contribute  to  the  functions  characterizing  the  response  of  such 

crystals  to  external  probes.  We  have  therefore  begun  a  study  of  the  pe- 

riodon-type  solutions  of  the  equations  of  motion  of  a  monatomic  linear 

crystal  of  this  type  (Fig.  4),  in  the  presence  of  2m  external  spatially 

and  temporally  varying  electric  field. 

We  consider  an  electric  field  given  by  E  (t) »E  cos  (m)-u>t).  In 

n  o 

this  case  the  equations  of  motion  of  the  crystal  have  the  exact  so¬ 
lution 


w  (t)  «  A  cos  (n#-ut) 
n 


(4.1) 


Un(t)  »  B  j  ^  cos (n$  -w t) +b  p j  cos3 (n^-wt) 

(4.2) 

provided  that  the  frequency  and  wave  vector 
are  related  through  w2»  4(f+f')/9H  sin2  -j$. 

We  then  have  that  the  amplitude  A  is  obtained 
in  terms  of  the  electric  field  amplitude  Ec 
from  the  equation 

Fig.  4  A  monatomic  nonlinear 
chain. 


4f  A  sin2  2* 

- 3 - 3 

Z  Eo”92  g4  K 


while 


Mu)2-4  ( f +£  • )  sin2  j* 

— 5 - n - 

Mor -4£' sin 


*  E_-g2  A 


- 1  V3 


•<n 


M«i-4f,sin2 


(3) 


- j-j 

16f  sin 


(4.3) 


(4.4) 


where  z  is  the  charge  on  each  core  and  -Z  is  the  charge  on  each  shell. 
Generalizations  of  this  solution  can  be  obtained  by  adding  higher  odd 
harmonics  to  the  right  hand  sides  Of  Eqs.  (4.V;  ,  However,  in  that  case 
a  solution  in  finite  terms,  like  that  given  by  Eqs.  (4.1)* (4.3),  is  no 
longer  possible. 

+  refer  to  BUttner  and  Bilz,  (this  Conference) 
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TEMPERATURE  DEPENDENCE  OF  MULTIPHONON  ABSORPTION  IN  HIGHLY  TRANSPARENT 
CUBIC  ZIRCONIA 


/  \  ^ 

B.  Bendow'’  ,  H.G.  Lipson,  R.N.  Brown,  R.C.  Marshall,  D.  Billard  and  S.S. 
Mitra**(») 


Solid  State  Sciences  Division,  Rome  Air  Development  Center,  Hacnscom  AFB,  MA 
01731,  U.S.A. 

*  Centre  de  Recherche  sur  la  Physique  des  Routes  Temperatures,  C.N.R.S.,  4S04S 
Orleans  Cedex,  Prance 

**Dept.  of  Electrical  Engineering,  University  of  Rhode  Island,  Kingston,  RI  02881, 
U.S.A. 

Abstract  -  We  Investigate  multiphonon  absorption  In  the  three  to  five 
phonon regime  of  yttrla-stablllzed  cubic  zlrconla,  over  an  extended 
range  of  temperatures.  The  absorption  vs.  frequency  curves  at  fixed 
temperature  are  found  to  display  a  nearly  exponential  decrease  typical 
of  multiphonon  absorption  In  other  Ionic  crystals.  A  theoretical  model 
for  multiphonon  absorption  Is  utilized  to  fit  the  data  over  the  full 
range  of  frequency  and  temperature  Investigated,  and  good  agreement  Is 
obtained  between  theory  and  experiment.  A  strong  suppression  of  the 
temperature  variation  of  absorption  Is  observed  at  high  frequency,  which 
we  attribute  to  the  temperature  dependence  of  the  phonon  spectrum  Itself. 

1.  Introduction  -  Cubic  zlrconla  Is  an  optical  material  of  considerable  Irw  * 
est  because  of  Its  unique  properties:  namely.  It  Is  very  hard,  has  a  very 
melting  temperature,  resists  chemical  attack  and  Is  an  excellent  Insulator.  It 
Is  readily  doped  with  various  rare-earth  and  transition-metal  Ions  to  provide  a 
wide  range  of  potential  laser-host  materials.  The  crystals  utilized  for  this 
study  were  produced  at  RAOC  employing  a  relative1 v  new  process  called  "skull 
melting".  In  which  the  melt  Is  contained  within  a  solid  "skull"  of  Identical 
composition*.  This  procedure  minimizes  difficulties  with  reaction  and 
contamination  encountered  In  conventional  crucible-type  growth.  Heating  Is 
accomplished  by  coupling  RF  energy  to  zirconium  metal  placed  Into  the  charge. 

Crystals  are  finally  obtained  by  preferential  freezing  of  the  melt  when  the 
crucible  Is  slowly  lowered  through  the  coll.  The  yttrla-stabllled  crystals 
obtained  In  this  way  possess  hardness  ~  1370  Knoop,  density  ~  5.9  gm/cm3, 
thermal  conductivity  ~  .018  W/cm/°C  and  visible  refractive  index  ~  2.15-2.18. 

The  yttrla  concentration  typically  varies  from  around  twelve  to  twenty-five 
weight  percent;  the  sample  utilized  for  tne  present  study  contained  twenty 
weight  percent  yttrla. 

2.  Experimental  •  The  absorption  coefficient  (a)  In  the  vicinity  of  the  IR 

edge  was  deduced  from  transmission  data,  obtained  with  a  Fourier  spectrophotometer 
which  was  appropriately  modified  for  both  low  temperature2  and  high  temperature3 

(DPresent  address:  The  BON  Corp,  1801  Randolph  Rd,  S.E.,  Albuquerque,  RM  87106. 

<*)  Research  supported  by  Rome  Air  Oev.Center(AFSC)  under  contract  no.F19628-77-C-0109. 
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measurements.  Results  for  a  vs  frequency  at  several  temperatures  between  80 
and  1320K  are  displayed  In  Fig.  1.  Note  that  the  absorption  vs.  frequency  curves 
at  fixed  temperature  display  a  nearly  exponential  decrease  typical  of  multiphonon 
absorption  In  other  ionic  crystals4.  Moreover,  the  spectra  reveal  only  weak 


Fig.  1.  IR  edge  absorption  coefficient  a  of  cubic  zlronla  vs 
frequency  u>  at  several  temperatures  (°K). 

structural  features,  which  progressively  disappear  with  Increasing  temperature. 

3.  Discussion  -  For  ionic  materials,  one  may  model  the  temperature  dependence 

of  the  IR  edge  absorption  as4 


a  «  a0 


(n(ui0)  +  1) 
n(w)  +  1 


w/u0 

-  exp{-Au/«0) 


where  n  Is  the  Bose-Elnsteln  function  and  u0  Is  a  temperature  dependent  average  opti¬ 
cal  phonon  frequency.  For  the  present  purposes  we  only  account  for  linear  varia¬ 
tions  of  <v0  vs  T,  1.e.»  we  take  w0  *  w00(l  *  fT)»  Variation  of  parameters  to 
obtain  a  best  fit  to  the  data  over  the  full  range  of  available  temperatures  and  fre¬ 
quencies  leads  to  the  results  Indicated  in  Fig.  2,  corresponding  to  the  choices 
o0  «  1.38x10®,  »00  ■  550  cm*1,  A-3.85,  y  «  2.0xl0"5/°K 

The  good  agreement  obtained  between  theory  and  experiment  corroborates  the 
Interpretation  of  the  observed  spectra  as  multiphonon  absorption.  The  derived 
average  frequency  »00  ■  550cm'1  Is  consistent  with  fundamental  IR  and  Raman 
data,  and  Implies  that  the  present  absorption  measurements  span  the  three  to 
five  phonon  regime. 

A  noteworthy  feature  of  the  above  results  is  the  relatively  strong  suppression 
of  the  T -dependence  of  absorption  at  high  temperatures.  This  effect,  which  is 
well  known  from  previous  measurements  on  alkali -halides.  Is  attributable  to  the 
strong  T-dependence  of  the  fundamental  phonon  spectrum  Itself  In  Ionic  crystals. 

Further  confidence  In  this  Interpretation  1$  provided  by  the  close  proximity  of 
the  value  deduced  here  for  y ,  to  those  Implied  by  Raman  scattering  studies5 
of  the  T-dependence  of  phonons  In  monocllnlc  ZrOg. 
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and  triangles  are  experimental  values. 
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ANHARMONIC  CONTRIBUTIONS  TO  THE  THERMAL  DIFFUSE  X"RAY  SCATTERING 
INTENSITY  FROM  SINGLE  CRYSTALLINE  SODIUM 


G.  Fritsch*,  W.  Dietz,  R.  Haring  and  E.  Luscher 

Phyeik- Department,  Teohnieohe  Univereitdt  MUnahen,  D-8046  Garohing ,  F.R.G. 
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Abstract.-  We  report  on  measurements  of  the  thermal  diffuse  X-ray  scattering 
from"  single  crystalline  Na.Data  were  taken  with  the  momentum  transfer  being 
aligned  along  the  (100),  (110)  and  (111)  directions  as  a  function  of  tempera¬ 
ture.  They  are  discussed  in  terms  of  one,  two  and  higher  multi-phonon  contri¬ 
butions.  In  addition,  a  part  asymnetric  with  respect  to  a  reciprocal  lattice 
vector  is  determined  and  analyzed. 


1.  Introduction.-  The  X-ray  intensity  scattered  diffusely  from  a  metal  single  cry¬ 
stal  is  the  sum  of  one,  two  and  higher  order  phonon  processes.  ’  At  temperatures  ^ 

T  >  Bp  interference  terms  caused  by  anharmonic  interactions  will  also  contribute. 
This  picture  may  be  complicated  if  defomations  of  the  ion  cores2’  or  elastic  defect 
scattering3^  exists.  In  this  communication  we  would^like  to  discuss  our  results  on 
Na  and  compare  them  with  other  work  In  this  field 


2.  Data  Analysis.-  The  experimental  set-up  used  was  a  modified  version  of  the  one 
described  elsewhere.6^  After  subtracting  from  the  measured  cross  section  (do/Aa)eff 
the  calculated  one-phonon  part6),  the  multi-phonon  contribution  higher  than  of  order 
two4  (do/d/Upp  and  the  Compton  cross  section,  we  arrive  at  (do/dA)^.  The  latter  is 
interpreted  as  a  sum  of  the  two-phonon  and  an  asymmetric  interference  contribution. 
[(do/do^-f2  exp(-2U)[exp(2H)-1-2y-2*f} •  "here  exp(-2W)  is  the  Debye-Waller  fac¬ 
tor  4^  and  f2  the  ionic  scattering  factor.] 

In  the  main  crystallographic  directions  the  two  phonon  term  can  be  written 

as1} : 

(do/dfl)2  =«4  exp[-2wW)  A(q/q)  •  rfc)  . 


where  A(q/q)  is  symaetrlc  with  respect  to  the  reciprocal  lattice  vector 

•  t*  ■  *b  1  •  Furthermore,  we  assume  that  only  the  lowest  order  interference 

term1 ^  contributes: 

(dofdA)J[nh  1>2  -at3  e*p  (-2WW1  '  B(q/q)  • 


with  B(q/q)  asymmetric  with  respect  to  «jj.  There  Is  an  additional  Sywietrlc  term 
(do/dA)*_j.  .  -  which  has  the  saaett-  and  T -dependences1'  as  dees  (do/di)2. 

Using  data  above  and  below  the  quantities  (do/dJfl2  ♦  (<to/dft)*nh  1,2  •*  '**11  *s 
(do/dfl)*nh  1  2  may  be  detenslned.  The  results  are  given  In  Figs  1  and  2. 
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Fig.  1  Results  for  the  asyonetrlc  en¬ 
harmonic  contributions  (do/dn)§nh  . 

a)  a:  30°C;a:  40°C;4:  95°C  #nd 
o:  see  ref  .6  :  i6*C 

b)  crystal  1:0:  63.«*Cj  crystal  2: 
o:  52.6°C;4 :  69.8°C. 


Fig. 2  Results  for  the  syenttrlc  contr 
butlon  (do  /  dA)? 

a)  e:  30°C;a:  «°C;A:  95°C  and 
o:  dtrect  calculation  30° C 

b)  crystal  1:0:  63*6*C»  crystal  2: 

0:  52,6°C;4 :  69.8°C. 

c) 4t:  26.8»C;  o:  65.0*0;  0:  94.5°C. 


The  lines  are  only  guides  to  the  eye 
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3.  Discussion.-  The  asymmetric  part  in  the  (HO)-direction  (Fig.  la)  agrees  with  the 
one  determined  earlier.®^  In  this  paper  we  showed  that  the  T-dependence  is  the  one 
to  be  expected  for  anharmonic  interference  effects  between  the  one  and  two  phonon 
process.  However,  the  symmetric  part  is  systematically  higher  than  the  two  phonon 
part  calculated  directly  (Fig.  2a).  Close  to  the  reciprocal  lattice  vector ae^  the 
discrepancy  is  probably  due  to  the  approximations  used  in  evaluating  the  higher  or¬ 
der  many  phonon  processes.  In  between  the  twoaeg  values  the  quantity  (do/da) *  h  1  2 
might  contribute. 

For  the  (100)  direction,  the  results  for  the  asymmetric  term  (Fig.  1b)  are 
rather  puzzling,  since  they  apparently  do  not  show  a  zero  at«gril.  This  fact  may 
point  towards  a  wrong  at-dependence  of  the  higher  order  many  phonon  contributions 
(orientational  dependence).  The  symnetric  part  (Fig.  2b)  is  close  to  the  (110)  re¬ 
sult,  calculations  of  the  two  phonon  term  is  in  progress. 

The  asymmetric  results  (Fig.  1c)  in  the  (lll)-direction  are  similar  to  the 
ones  in  the  (HO)-case.  However,  the  magnitude  is  much  larger,  increasing  with 
temperature.  The  coimnents  for  the  symnetric  part  (Fig.  2c)  are  the  same  as  in  the 
(lOO)-case. 

In  view  of  the  temperature  dependence  of  the  asymmetric  part  and  its  ae-depen- 
dence,  we  conclude  that  these  are  anharmonic  contributions  and  deformation  scatter¬ 
ing  is  not  present.  Trlnkhaus3^  has  shown  that  these  defects  in  thermal  equilibrium 

-2  -1 

give  a  symmetric  part  »(|  »nd  an  asymmetric  part  «q  '.An  estimation  using  a 
relative  activation  volume  av/v  *  -0.6  for  the  vacancy  yields  0.16  and  -o.14 
respectively  in  the  most  favourable  case.  These  values  are  relative  to  (do/dA^. 
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LATTICE  PHONON  LIFETIME  CALCULATIONS 
J.H.  Henkel 
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30602,  U.S.A. 


Abstract. -It  is  shown  that  phonon  lifetimes  can  be  calculated 
using  finite  periodicities  and  discrete  frequencies  without 
going  completely  to  the  limit  of  infinite  periodicities  or  quasi- 
continuous  frequency  distributions.  In  applying  the  Golden  Rule 
equation  in  time- dependent  perturbation  theory  there  is  a  time 
interval  over  which  the  transition  rate  is  very  nearly  indepen¬ 
dent  of  time  and  energy  level  differences  (or  periodicity) .  As 
the  periodicity  of  the  lattice  increases  the  time  interval  over 
which  the  transition  rate  is  independent  of  time  increases  and 
approaches  infinity  in  the  limit  of  infinite  periodicity. 
Calculations  are  presented. 


The  Golden  Rule  of  time-dependent  perturbation  theory  relating  transi¬ 
tion  rates  from  an  initial  unperturbed  energy  eigenstate  E*°*  to  one 

(0)  n 

of  the  other  energy  eigenstates  E^  '  induced  by  the  perturbing  Hamil¬ 
tonian  H"  with  matrix  elements  H'  is  given  by1 


w 


1 

t 


l  lam(t)l 
in 


2 


1-008  ‘w) 

/>2JL 

mn 


(1) 


where 


E 


(°)  _  E (0) 


-mn  h 

and  where  the  prime  on  the  sum  means  that  the  term  for  m « n  is  ex¬ 
cluded  from  the  sum.  The  Golden  Rule  can  also  be  written  as 


(2) 


-  —  7 

dt  i 


lam(t> 


h  l  " 

Jl  m  mn 


(3) 


For  quasi-continuous  energy  distributions  the  Goldet  Rule  takes  the 
form 


—  |H 


|2p<e<°>> 


,«» 


where  p  is  the  density  of  states  expressed  as  a  function  of  E 
where  the  right  hand  side  is  independent  of  time  t. 

To  see  how  phonon  lifetimes  can  be  calculated  using  the  Golden  Rule 
equation  without  first  taking  the  limit  of  quasi-continuous  energy 


(4) 

and 


C6-147 


level  distributions  consider  the  functions  F^(a,t,L)  and  F2(a,t,L) 
given  by 


F^a.t.L) 


2 

L 


L  sin^(a  -  n)t 

l  2if  - - 

n=l^r-(a  -n) 


(5) 


and 


F2  (a ,t,L) 


~  ~  l 

t  L  L 


n=l 


1  -  cos— (a  -  n)t 
[^(a-n)]2 


(6) 


In  the  limit  L-*-“  these  functions  are  unity  independent  of  time  t  pro¬ 
vided  0  <  a  <  L  but  not  one  of  the  integers  1,  2,...  L.  For  finite  L 
the  functions  are  to  within  about  10%  equal  to  unity  independent  of  a 
and  t  for  the  interval  1 <  t  <  L  and  for  0  <  a  <  L  with  a  /  l,  2, . . .  L.  A 
plot  of  a  typical  Fj(a,t,L)  versus  t  is  shown  in  Fig.  1  while  Table  I 
lists  calculated  values  of  F^(a,t,12).  The  function  F^(a,t,L)  is  zero 

dF.  (a ,  0,L) 

at  t »  0,  with  a  slope  - -  *  2,  and  levels  off  to  approximately 

1  at  t  =  l.  It  remains  unity  within  small  variations  up  to  t  =  L  inde¬ 
pendent  of  a  provided  0  <a  <L  and  a  ft  1,2,.. .  L. 

Two  important  conclusions  result  in  examining  the  properties  of 
Fjfa.t,!.).  One  is  that  the  value  of  Fj(a,t,L)  for  1  <  t  <  L  is  approxi¬ 
mately  the  same  as  the  limiting  value  of  F^a.t,*).  The  other  is  that 
the  convergence  in  L  is  very  rapid.  The  main  result  in  increasing  L 
is  the  increase  in  time  interval  over  which  F^  is  constant. 

The  potential  energy  expression  of  a  crystal  can  be  expanded  in  series 
form  involving  the  atomic  displacements.  That  part  of  the  potential 
including  the  third  degree  terms  in  the  displacements  can  be  used  as 
the  perturbing  potential  utilized  in  the  Golden  Rule  equation  to  cal¬ 
culate  time  derivatives  of  phonon  occupation  densities.  When  this  is 

o 

done  the  derivative  takes  the  following  form 


where 


at 


l' 

0*0" 


2  C. 


0,0' 


2  A  sinAuit 
MW1  ww  Aw 


x 


[(na  +  l)n0,naB  -n0(na,  +  1)  (n0»  +  1)  J , 


<7) 


Aw*  w  -  w  .  -  w  «  (8) 

o  a  o 

This  derivative  can  be  evaluated  for  different  times  by  direct  sum¬ 
mation  of  finite  sums  obtained  using  finite  periodic  boundary 
conditions.  The  above  analysis  of  the  properties  of  F^Cc^t,!,)  indi¬ 
cates  that  this  derivative  using  finite  periodicity  should  be 

)  f  it 

roughly  constant  over  a  time  interval  e  i»  « 

minimum  value  of  |Aw|  *  |u>0  ”w0«  “w0»t  The  analysis  also  indicates 
that  the  convergence  in  L  should  be  very  rapid  and  that  the  constant 
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value  obtained  should  be  within  about  10%  of  the  value  obtained  in 
the  limit  of  infinite  periodicity. 

An  advantage  of  the  use  of  finite  periodic  boundary  conditions  with 
the  resulting  finite  sums  is  that  the  complex  phase  relations  involv¬ 
ing  conservation  of  momentum  and  energy  is  automatically  included  in 


Fig.  1 :  Plot  of  typical  value  of  F. (a,t,L)  versus  t.  Independent 

of  a  for  0  <  a  <  L,  a  1,2, .. .L. 


TABLE  I.  Calculated  values  of  (a,t,12) 
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ROLE  OF  THERMAL  EXPANSION  IN  THE  PHONON  CONDUCTIVITY  OF  SOLIDS 


G.P.  Srivastava 

Physios  Department,  The  new  University  of  Ulster,  Coleraine,  N.  Ireland  BTS2 
ISA,  United  Kingdom 


Abstract.  We  have  studied  the  role  of  thermal  expansion  in  the 
thermal conductivity  of  solids .  By  treating  the  Griineisen 
constant  as  a  temperature  dependent  semiadjustable  parameter  we 
find  that  the  high  temperature  lattice  thermal  conductivity  of 
Ge  and  Si  can  be  explained.  The  fitted  values  of  the  Grueisen 
constants  show  reasonable  agreement  with  recent  experimental  and 
theoretical  results. 


The  high- temperature  lattice  thermal  conductivity  of  most  insulators 
and  semiconductors  decreases  faster  then  T” 1 .  Recently  we1'*  have 
concluded  that  consideration  of  three-phonon  processes  (both  acoustic- 
acoustic  and  acoustic-optical  interactions) ,  together  with  mass-defect 
and  boundary  scattering,  cannot  explain  this  behaviour.  Inclusion  of 
four-phonon  processes  does  not  improve  the  situation’ .  It  was 
suggested  by  Ecsedy*  that  thermal  expansion  might  be  helpful  in  this 
respect.  In  this  paper  we  study  the  role  of  thermal  expansion  on  the 
lattice  thermal  conductivity  of  Ge  and  Si. 

The  effect  of  thermal  expansion  is  to  make  the  Grvineisen  constant 
of  a  material  temperature  dependent9'*.  In  our  earlier  work1  (here¬ 
after  referred  to  as  I)  we  have  derived  an  expression  for  the  Grttneisen 
constant  in  tens  of  the  second-  and  third-order  elastic  constants  of 
the  material.  Because  of  thermal  expansion  the  elastic  constants 
became  temperature  dependent.  This  would  require  calculating  the 
GrUneisen  constant  at  various  temperatures  using  experimental  data  for 
elastic  constants  provided  these  were  available.  In  view  of  the 
unavailability  of  elastic  constants  at  different  temperatures  in  our 
range  of  interest,  we  treat  the  GrUneisen  constant  y  as  a  temperature 
dependent  semiadjustable  parameter  for  the  thermal  conductivity 
calculation. 

The  model  conductivity  expression  in  the  notation  of  X  is 
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i 


**fl*ltB 


3Ncn 


«o*c*t  >  + 


<q2tN*-‘(l-TmTN*-l)> 

Here  0  =  l/kBT ,  <f>  =  ZfqIIq(!Iq+l) ,  and  =  x*"1  +  xgl  +  xR.“\ 


(1) 


with  Ng  as  the  equilibrium  distribution  function  for  phonons  in  mode 
q.  Also  in  equation  (1)  x^*  represents  the  single-mode  relaxation 
time  of  a  phonon  in  mode  q  due  to  three-phonon  H  processes,  x^  is  an 
effective  relaxation  time  due  to  three  phonon  U  processes,  and  xDi  is 
the  relaxation  time  due  to  mass  defect  and  boundary  scattering. 
Expressions  for  the  relaxation  times  can  be  obtained  using  the  first- 
order  time  dependent  perturbation  method.  As  in  Refs  1  and  2  results 
for  these  are  derived  with  the  crystal  Hamiltonian  expressed  within  an 
isotropic  continuum  approximation 


H  =  £hcq(a+  a  +%) 

q  q  q 


ht**  z 

c/2pN0ft  qq'q* • 


rU)(i)  0) 


i  i 


WV- 


(2) 


Here  y  »  y (T)  is  the  temperature  dependent  anharmonic  (Griineisen) 
constant,  c  is  an  average  phonon  speed,  Aq  =  (a*q+aq)  etc.  are  the 
phonon  field  operators,  and  other  symbols  are  the  same  as  in  I.  For 
acoustic-optical  phonon  scattering  we  make  a  correction  to  the  model 
presented  in  I:  the  reduction  factor  in  the  cubic  anharmonic  Hamilton¬ 
ian  is  included  only  when  dealing  with  interactions  of  the  type 
ac  +  ac  s  op. 

The  physical  parameters  and  boundary  lengths  used  in  our  calcu¬ 
lations  are  taken  from  Z.  In  I  a  constant  y  was  adjusted  to  fit  the 
low  temperature  lattice  thermal  conductivity  of  materials  from  groups 
IV,  III-V,  II-VI  and  I-VII.  It  was  noticed  that  with  a  constant  y 
the  isotope  parameter  A  had  to  be  adjusted  to  fit  the  maximum  in  the 
experimental  conductivity  curve.  In  this  work  we  take  the  experimen¬ 
tal  value  for  A  (2.44  x  10”**  sec*  for  the  Geballe  and  Hull**  sample 
of  Ge,  and  0.132  x  10“'*  sec*  for  Si)  and  only  adjust  y(T)  to  fit  the 
experimental  conductivity  curve  both  in  low  and  high  temperature 
regions.  The  values  of  y (T)  needed  to  explain  the  conductivity 
results  of  Si7  and  Ge*  are  listed  in  Table  1.  It  Is  clear  that  a 
relation  y<T)  »  yd(1+6T)  with  appropriate  yQ  and  0  explains  the  high 
temperature  variation  of  the  thermal  conductivity  of  the  samples 
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studied  here.  The  fitted  values  of  y(T)  are  in  reasonable  agreement 
with  recent  experimental9  and  theoretical6  results. 

In  conclusion,  within  an  isotropic  continum  model  for  germanium 
and  silicon  we  have  shown  that  consideration  of  thermal  expansion 
explains  both  the  low  and  high  temperature  lattice  thermal 

conductiyity  of  these  materials, 

Table  1:  Temperature  dependent  Griineisen  constants  fitted 
to  explain  the  lattice  thermal  conductivity  of  Si  and  Ge. 


| y |  Griineisen  constant 

T61lkp^l^At-Ur6  (K) 

Ge 

Si 

10 

1.6 

0.6 

20 

0.5 

0.65 

40 

0.36 

0.35 

80 

0.28 

0.27 

loo 

0.29 

0.25 

200 

0.39 

0.29 

300 

0.43 

0.33 

600 

0.52 

0.39 

800 

0.55 

0.42 

1200 

- 

0.45 

*Srivastava,  G.P.,  J.  Phys.  Chem.  Solids  41,  357  (1980) 
2Srivastava,  G.P.,  Philos,  Mag.  34,  795  (1976) 
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"Ecsedy,  D.J.,  in  Thermal  conductivity  14  (Ed.  P.G.  Klemens,  and 
T.K.  Chu) ,  Plenum  Press,  N.Y. ,  1976  p.195 
6 Yates,  B. ,  Thermal  Expansion  (Plenum  Press,  N.Y.,  1972) 
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*Geballe,  T.H.,  and  Hull,  G.W.,  Phys.  Rev.  110,  773  (1958). 
’slack,  G.A. ,  and  Bertram,  S.P.,  J.  Appl.  Phys.  46,  89  (1975). 


JOURHAL  DE  PHYSIQUE 

Colloque  C6,  supplement  au  n°12 ,  Tome  42,  ddaembre  1981 


page  C6-152 


TWO-PHONON  BOUND  STATES  IN  AMMONIUM  CHLORIDE  AT  FINITE  TEMPERATURES 

A. A.  Anikiev,  B.S.  Umarov,  V.S.  Gorelik*  and  J.F.  Vetelino** 

S.  Umarov  Physicotechnical  institute,  Dushanbe,  USSB 

* 

P.  Lebedev  Physical  institute,  Moscow,  USSR 

**Department  of  Electrical  Engineering,  University  of  Maine,  Orono,  Maine 
04469,  U.S.A. 


Abstract.-  Two-phonon  density  of  states  in  2iL  band  of  ammoni¬ 
um  chloride  crystal  was  calculated  by  the  method  of  Green's 
temperature  functions  considering  enharmonic  phonon-phonon  in¬ 
teraction.  Theoretically  calculated  temperature  dependence  of 
quasibound  two-phonon  state  is  compared  to  the  Raman  scatter¬ 
ing  experiments. 


1.  Introduct ion. -  Along  with  the  usual  phonon  shift  and  widening  the 
anharmonic  phonon-phonon  interaction  leads  to  the  appearance  of  ano¬ 
malous  structure  in  crystal  optical  spectra.  The  exhibition  of  these 
peculiarities  may  be  explained  by  considering  the  processes  of  reso¬ 
nance  or  bound  phonon  states  as  a  particular  case  of  their  scatter¬ 
ing  on  each  other  and  decay.  The  detailed  analysis  of  conditions  of 
resonance  and  bound  phonon  states  formation  was  carried  out  in  work 
/I/  by  the  Green's  function  formalism  at  T=0. 

Our  approach  is  similar  to  the  formalism  used  in  work  /I/.  How¬ 
ever,  we  apply  the  temperature  Green's  functions  and  consider  the 
temperature  effects  on  the  optical  phonon  lifetime  in  a  self-consis¬ 
tent  manner. 

2.  Results.-  The  two-phonon  temperature  Green's  function  has  a  form 

/2/!  g,  (x-x.v  -f)*i  (Tiff (x,r)f<*,r)  <r(x',T'#>  (1) 

Here  't(X,ZlxCr"lf(X/Cri  are  phonon  field  operators  in  Heisenberg’s 
representation  depending  on  "imaginary"  time  -  temperature; H  is  a 
Hamiltonian  operator  containing  the  fourth-order  anharmonic  term;  TV 
is  a  "time "-ordering  operator. 

3h  accordance  with  the  rules  of  the  analytical  calculation  of 
the  diagrams  in  technique  atT^rO  we  contrast  one  loop  in  Bethe-Solpe- 
ter  equation  with  the  functionj/tyJf-X.'f-t’Jsi  fcJVx'r-tlJfin  the  momen¬ 
tum  representation  a  single-phonon  propagator  G'Kk.io*,)  has  the 
following  formj  __  „  . 

f*  {[i 1  "C"0*  +***  J  (2) 

is  a  law  of  phonon  dispersion,  and  T  is  a  small  but  fi 


where 


finite 


phonon  width  at  low  temperatures.  The  total  two-phonon  Green'  func- 
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tion,  obtained  by  summation  of  geometrical  progression  series  / 1/ 
will  be  written  as  follows: 

,LuJn)i /& -fafl ( i< O) 

where  fa  is  anharmonic  coupling  constant  and 

n  (K.cCV,) '/(£■ -  #T,  £*>*  -  C/(k,  i  (4) 

In  a  sedf-consistent  treatment  phonon  damping  f-f  in  Eqs  (2)  to  (4) 
should  be  replaced  by  I/m  ^  (K/  tOn)  The  self-energy  £ (K/tyv/aB  evalua¬ 
ted  as  the  sum  of  the  diagram  (at  low  temperature  approximation) : 

X  =  ^  **  - 

Analytical  expression  for  ieo*)  has  a  form: 

Z(t;u,„h-  fyfjerd  i^)G,  (£S,  ‘  v*  < » 

In  order  to  evaluate  the  integrals  in  Eqs  (4), (5)  we  consider  the 
first  term  of  propagator  (2)  and  the  integration  interval  from  U)o  to 
where  J3  is  one-phonon  bandwidth.  Moreover,  to  compare  the  cal¬ 
culated  density  of  states  to  the  experimental  Raman  scattering  expe- 
riments  we  assumed  the  phonon  pair  momentum  K=0  and  make  the  replace¬ 
ment  C0f~*t0os=.  1 400cm"' ^  for  NH^Cl.  The  self-energy  part  is  then  rewrit¬ 
ten  in  the  following  form:  0 

tor?  J,  7? 

Here  function  Qdfa:  —  defined  by  Eq.  (5)  at  low  tempera¬ 

ture  approximation  and  n(w)  is  Bose- factor.  Function fffto)  expressed 
through  the  temperature  depending  phonon  damping  (6)  is  given: 

nr^-JSUl  r"”'?  [»»<*>  *i]  /Fool _ 

The  density  of  states  of  noninteracting  phonons  ff* (uj)  is  defined 
in  integral  form  obtained  in  work  /5/  for  the  dispersion  law  J2  ♦  s: 

fyu)*  +  carry  cut  the  iteration  pro¬ 

cedure  using  Eqs  (3)  to  (7)  to  calculate  the  temperature  effect  on 
the  two-phonon  band  shape.  First  we  calculate  the  two-phonon  spect¬ 
rum  numerically  for  various  values  of  enharmonic  coupling  constant 
at  fixed  temperature  T=70K.  The  results  of  the  calculations  are 


shown  in  Fig. 1.  As  one  can  see  the  qua3ibound  state  appears  on  the 
continuum  low-frequency  edge  in  accordance  with  the  RS  experimental 
data  /3/.  The  procedure  of  fitting  gives  the  constant  value  fa  - 
=  32cm"1.  As  a  second  step,  we  calculated  two-phonon  spectrum  at 
fixed  value  fa  -  32cm"1  and  various  temperatures.  f*(u>)  spectra, plot¬ 
ted  as  the  function  of  energy  and  temperature,  are  shown  in  Fig. 2. 
When  the  temperature  Increases,  the  two- phonon  continuum  intensity 
increases  too,  and  quasibound  state  intensity  decreases.  The  decay 
of  the  quasibound  state  occurs  at  T=280K  in  a  small  disagreement 
with  the  experimental  data  /4/.  It  should  be  noted  that  the  calcula- 
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fjg.'l.  Spectral  function 

plotted  as  a  func¬ 
tion  of  frequency  for  differ¬ 
ent  values  of  anharmonic 
coupling  constant. 

(The  Raman  spectrum  studied 
in  work  /3/  is  shown  by 
dotted  line. 


ted  value  of  a  coupling  constant  is  overstated  as  we  did  not  take 
into  consideration  the  hybridization  process  between  the  two-phonon 
continuum  2]^  and  closely  located  one-phonon  state  V^=  3045  cm-1. 


The  two-phonon  spect¬ 
ra  as  function  of 

frequency  for  various  tempe¬ 
ratures.  Two-phonon  quaaibo- 

und  state  is  appeared  at 
temperature  T=280K. 
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FOUR-PHONON  PROCESSES  IN  SOLIDS 
T.J.  Singh  and  G.S.  Verma 

Physio a  Department,  Banarae  Hindu  University,  Varanasi,  22100S,  India 


Abstract.-  The  relaxation  rate  of  four-Phonon  Processes  is 
derived  using  a  diagrammatic  field-theoretic  approach.  The 
results  are  in  agreement  with  the  earlier  predictions  of 
Pomeranchuk  and  recent  perturbation  results  of  Bcsedy  and 
Klemens  for  a  relatively  simple  model  of  a  solid  for  which 
it  is  possible  to  obtain  analytical  expression. 


Four-Phonon  processes  can  arise  in  two  ways  via  the 
perturbation  terms  (i  \  H^|  f^  and  ^i  \  H^J  l^^ljH^J  f^/CE^-E-^) . 

Kj  and  are  respectively  the  cubic  and  quartic  anharmonic  parts 
of  the  crystal  Hamiltonian.  The  equivalent  diagrams  are  shown  in 
Fig.  1.  Fig.  1(b)  has  a  very  interesting  feature.  It  is  possible 
to  conserve  energy  at  the  interaction  vertex  giving  rise  to  a 
resonance  of  the  Briet-Wigner  type  in  the  Phonon-Phonon  interaction. 
Processes  depicted  in  Fig.  1(c)  are  well-behaved  and  hence  there 
will  be  no  resonance.  We  discuss  resonance  effects  in  a  separate 
paper'1'.  So  for  the  present  we  concerntrate  on  Fig.  1(a). 


We  start  by  defining  a  one-Phonon  Green's  function  and 
calculating  the  phonon  self  energy  associated  with  the  diagrams 
(Fig. 2.).  The  self-energy  is  found  to  be  a  complex  quantity  ;  the 
real  part  merely  serving  to  renormalize  the  phonon  frequencies  and 
the  imaginary  part  is  our  relaxation  rate  for  four-phonon  processes. 
This  rate  when  simplified  for  high  temperature  case,  becomes 

rc3-.->)  -  -  —  i  m-vvW 


96« 
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(tJj  - •Jj - ^ (<J - <2,  +  oJj  - <2^  +  (jj3t  +<^-^3^ 


where  /^(q)  is  the  lattice  Kronecker  dalta,  the  summations  over  123 
indicate  summations  over  all  wave  vectors  q's  and  over  all 
polarisation  branches  S's,  K  is  the  Boltzmann  constant,  N  is  the 
number  of  unit  cells  in  the  crystal  and  9  ( q)  's  are  the  atomic 
force  constants  and  *»  ^(q^s^)  and  etc. 

For  a  f.c.c.  crystal  with  central  nearest  neighbour 
interactions  the  atomic  force  constants  9(q)  's  become,  in  the 
long  wavelength  limit 

2n^aa  ^  A 

|9(-qs,q1s1,  q2s2,  q^)!  =  ^  q  qlq2q3  ...  (2) 

where  aQ  is  the  lattice  constant,  and  M  mass  of  each  atom,  a  is 
the  equilibrium  force  constant  and  the  factor  A  contains  all  the 


(0)  (b) 


Fig. 2  :  Diagrams  contributing  to  the  self-energy. 


information  regarding  angular  dependences  of  the  various  modes 
propagating  through  the  lattice.  Using  (2)  in  (1),  we  get 

1 
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P(qs,*J)  =  A'tf2  (qs)T2  ...  (3) 

where  A'  =  2it16  a2  A2K2a09/3v9M4  ...  (4) 

and  v  is  a  suitably  averaged  phonon  velocity. 

2 

Equation  (3)  agrees  with  that  suggested  by  Pomeranchuk  and 
the  recent  perturbation  result  of  Ecsedy  and  Klemens  .  However, 
their  treatment  suffers  from  the  basic  assumption  that  all  phonons 
except  the  one  under  consideration  are  in  thermal  equilibrium.  Such 
an  assumption  is  unnecessary  in  the  present  derivation  which  also 
takes  care  of  all  possible  modes  of  combinations  of  phonons  in  a 
natural  way.  Moreover,  for  any  model  of  a  solid  the  relaxation 
rate  of  4-phonon  processes  can  be  calculated  by  using  eqn.  (1) 

Besides  the  real  part  of  the  self-energy  function,  there 
is  another  source  of  renormalization  of  phonon  frequencies. 

Because  of  thermal  expansion  the  frequencies  of  phonons  may 
be  changed4  and  such  a  change  can  be  easily  calculated.  We  find 
that  for  a  purely  anharmonic  crystal  the  change  is  of  negligible 
order  and  that  so  far  as  temperature  dependence  of  the  relaxation 
rate  is  concerned  the  effect  of  thermal  expansion  is  negligible. 
Thus  thermal  expansion  alone  can  not  explain  the  T2  -dependence 
of  the  observed  phonon  conductivity  in  semiconductor,  especially 
in  Si5. 
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ANHARMONIC  INTERACTION  IN  ZINC  SELENIDE 


D.  Schmeltzer  and  a.  Beserman 

Solid  State  Institute  and  Phyeiae  Department,  Teohnicm,  Israel  Institute  of 
Technology,  Haifa,  Israel 


Abstract . -  Experimental  evidence  of  anomalous  temperature  dependence 
of  the  double  phonon  Raman  spectrum  Is  brought  and  explained  by  a  4th 
order  enharmonic  coupling  between  two  2-phonon  states. 


He  report  experimental  evidence  of  the  fourth  order  enharmonic  interaction  In  the 
continuum  of  ZoSe  transverse  acoustic-phonons,  and  its  temperature  dependence.  The 
fourth  order  Interaction  produces  a  positive  feedback  which  Is  the  fourth  order 
coupling  parameter.  The  Intensity  of  the  response  function  Increases  with  the 
increase  of  the  feedback  parameter. 

The  Raman  spectrum  (RS)  intenalty  of  the  double-phonon  band  has  been  studied  as  a 
function  of  temperature.  At  room  temperature  this  spectrum  Is  mainly  composed  of 
the  2  TA  peak  from  the  X  point  of  the  Brllloin  zone  with  some  contribution  from  the 
<110>  direction  and  from  subtractive  phonons. 

Fig.  1  shows  the/^+i^g  representation  of  the  ZnSe  R.S,  Excited  by  the  647lX  line, 
at  8 OX,  300K  and  480K.  As  the  temperature  increases,  the  double  phonon  intensity 
increases  with  respect  to  the  TOf  and  LOp nodes.  When  the  temperature  varies  from 
80k  to  660K,  the  variation  of  the  Bose-Elnstein  factor  ratio  between  TOj,  and  2  TA^ 
should  be  10  while  experimentally  we  found  a  factor £100.  The  width,  shape  and 
frequency  of  the  double  phonon  peak  do  not  vary  appreciatively  with  temperature. 

These  results  are  the  same  when  the  676l£  kryston  laser  line  is  used,  and  no 
anomalous  behaviour  la  observed  in  the  double  phonon  spectrum  of  ZnS. 


These  experimental  facts  show  that  at  high  enough  temperature  an  instable  double¬ 
phonon  state  exists  which  disappears  at  low  temperature. 


la  order  to  analyse  the  behavior  of  the  doublaphonon  in  the  acoustic  range  we  assume 
a  fourth  order  enharmonic  interaction  , 

h  ,  Z  *->k  ( K  *i)  *  ^  * 


w~<  .-xv 

-*>'  5*  ■ 
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The  Roman  Intensity  is  proportional  to  the  tine  ordered  green's  function 

r& , .  f-t-i .  i]-*  x-‘ 

In  the  mean  field  approximation 

_  _  t,  »  ^  FVO _ 

**  *  **  '  [/-  it  Re  *?-»/]  &*&*>!* 

In  FM  is  proportional  to  the  double  phonon  density  of  states^u*) .  At  high 
enough  temperature  >1 £  a-  *4  Re  RV)  gives  the  resonant  condition. 

For  4X»‘  , 

For  frequencies  close  to  ^  •  “*e  singularity  of  the  density  of  states 

produces  a  large  change  in  the  second  order  Raman  intensity 

I(*te  /_  -r-Tm  f 

~T  J)  I  (<sj 

When  T  >To  for  high  temperatures 


j^Vt)  ^  T  T*.  TmJz  e. 

We  deduce 

F( T)  * 

r*-T 

I^frj/Tl 

\fz  6  -ferm 

r^p-.J/T., 
1*  " 

In  fig.  2  we  have  plotted  F(T)  as  a  function  of  temperature.  The  graph  shows 
that  for  T  600  K  the  linear  equation  given  for  F(T)  is  valid  and  fits  our 
experimental  results  well,  with  T*  “  600  °K. 
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LIFETIMES  OF  HIGH  FREQUENCY  PHONONS 

M.  Lax*,  V.  Narayanamurti,  P.  Hu  and  W.  Weber** 
Bell  Laboratories,  Murray  Bill,  N.J.  07974,  U.S.A. 


Ahstract  -  We  discus*  the  inhibition  of  an  harmonic  spontaneous  multiphonon  decay  by  energy- 
momentum  conservation  and  the  reduction  of  isotope  scattering  by  the  sharing  of  ionic  motion  to 
permit  a  frequency  window  for  long-lived  transverse  acoustic  phonons. 


I  .Introduction  -  Recent  high  frequency  phonon  experiments  have  revealed  anomalously  long  phonon  life¬ 
times  at  low  temperatures.1  Indeed,  for  phonons  generated  by  e—h  recombination  in  GaAs  mean  free  paths 
of  a  few  mm  have  been  observed  for  near  zone  boundary  acoustic  phonons. 

Since  elementary  theories  of  isotope  scattering  and  of  two-phonon  decay  lead  to  scattering  rates  that 
grow  as  u*  and  «5  respectively,  the  experimental  results  require  some  mechanism  or  mechanisms  that  inhi¬ 
bit  such  scattering  processes  at  least  over  tome  frequency  window  near  the  zone  boundary. 

•>  SpintMitass  Phonon  n«uy  -  In  an  isotropic  solid  transverse  phonons  can  not  decay  into  two  other  pho¬ 
nons  because  of  energy  and  momentum  conservation.3  Maris4  recognized  that  the  tame  conclusion  would 
be  likely  to  apply  to  an  anisotropic  crystal,  but  that  conservation  of  energy  and  momentum  would  be  model 
dependent.  He  demonstrated  the  result  for  a  face-centered  on  fate  crystal  with  central  forces  between  nearest 
neighbor  atoms. 

Lax,  Hu  and  Narayanamurti3  proved  the  following  theorem:  A  phonon  can  not  decay  by  an  harmonic 
processes  of  any  order  into  a  set  of  pbonoas  each  of  whose  phase  velocities  is  higher  than  that  of  the  initial 
phonon.  This  result  is  applicable  in  the  presence  otfimqnency  and  mgulor  dispersion  in  an  anisotropic  crystal 
of  mbtismy  symmetry.  It  is  applicable  to  V  (nmUapp)  as  well  as  N  (normal)  processes. 

The  above  theorem  does  not  completely  preclude  the  possibility  that  a.  transverse  aooastic  phonon  can 
decay  by  enharmonic  processes,  but  as  found  in  Maria’s  example,  only  modes  with  small  wave-vuetor  «  can 
decay.  The  reason  for  this  is  that  the  phase  velocity  of  a  phonon  will  normally  decrease  with  increasing  q 
making  it  more  difficult  to  Bad  pbonoas  of  lower  phase  velocity  to  decay  into. 

*  '■nfUTT  -  To  explain  anomalously  long-lived  phonons,  we  must  also  demonstrate  that  isotope 

scattering,  at  least  over  some  frequency  'window*,  is  weaker  than  expected  from  the  usual  theoretical  treat¬ 
ments  of  monatomic  lattices.  We  have  suggested5  that  this  weakness  is  to  be  expected  ia  multi-atomic  lat¬ 
tices  when  not  all  of  the  constituents  possess  Isotopes.  If  only  one  atom  (say  On)  has  isotopes,  there  is  a 
reduction  factor  of  the  form  -  m,^C^)  I  *  where  e^q)  is  a  (normalized)  amplitude  for  On  in  a 

mods  of  type  i  with  propagation  vector  q.  Here  t  and  q  refer  to  the  initial  phonon  mate  and  t’  and  q*  refer 
to  tbs  Inal  stabs. 

For  the  cans  of  GaAs,  which  has  cable  Site  as  writ  as  space  group  symmetry,  the  initial  and  final  state 
amptitades  can  be  disentangled  and  the  decay  rate  l/r,(q)  associated  with  a  single  scattering  center  in  a  lat¬ 
tice  Of  H  Sites  is  given  by 

^  *  where/  ■  w,(q)/2w  (!) 


*M.  Lax  is  also  at  Physics  Dept,  City  College  of  New  York,  New  York  10031. 

**W.  Weber  is  also  at  Keraforschuagsmatram  Karlsruhe,  FRO,  last  f.  Angew.  Kernphys.  I. 
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[l  1  O]  FREQ(Thz) 


Hf.  I.  u>  TW  0«  pmrut^tuoa  I  a^°*(g)  1 1 U  the  Inw wmnitc  — 4a  h  Matter  nri  g  l»  Uw  ImPl  Mccclica.  (k»  Duatty  of 
•I mm  tlif)  (taM  cam)  ud  Oa  wagtliC  acuity  of  ctetaa  IP,(/)  (aaW  carve)  for  the  throe  a  (-outre  trachea  ia  ptooad  aoriaet 
fmaraj/ ta  inatcm. 

Hera  all  the  initial  Mate  information  ia  concentrated  ia  <4(4)  and  a,°*(q)  and  the  Anal  Mate  information  ia 
concentrated  ia  the  deaaity  of  atatea  »v<| Arad  by  the  0*  motion: 

"(f)  ~  2  *<f)  *V>  “  2"r«</>  5  **•"  *<f)  -  < >  .  (2) 

»'  1' 

ia  the  ordinary  denaity  of  atatea  for  mode /'  and 

)  W)  “  <K/  “/e«T))  I  •r’W  •*>  (3) 

Hera  /,-<ef)  “  r»,-(0/2v  ia  the  Dutaacy  in  Hera  of  the  aoettered  phonon,  end  the  ampHtodea  an  normal¬ 
ized  ia  aooerd  wirh 

I e,°*(4) I J  +  (n,A*(q)ls-l .  (4) 

The  avemgae  aheem  in  Bqa.  (3)  and  (4)  are  intagrala  over  the  HriUonin  tone  performed  nates  the  OOat- 
Raabanheimer  algorithm.*  W^f)  ia  the  detail;  of  final  atatea  of  type  f  weighted  by  the  On  motion,  and 
*,</)  it  the  final  Mata  radnetioa  factor  at  fregaeacy/  canted  by  the  fact  that  the  Oa  motion  contaiae  only 
a  portion  of  the  kinetic  energy.  The  factor  la,(g)  1 1  ia  plotted  verana  4  in  the  foO]  diraetioa  in  Hg.  la. 
Plota  of &(f)  and  W,{f)  far  the  acoaatic  aaodaa  are  ahoarn  la  Fig,  lb.  , 

Thaae  calcnlaHone  an  baaed  on  a  aimptified  ettenaon  from  Oe  to  QaAa  of  Weber’a  aitjahftir  bond 
charge  modal7  by  adding  only  an  ionic  charge  aaymmetqr  A  between  Oa  and  An.*  The  mania  for  Ig,0*!1  an 
aenaWve  to  A  and  lever  A  <  0  for  On. 

a  Aaha rach  Tra’pn^y—  ♦♦-'‘“f  -  The  extent  to  which  two-phonon  apontaaeona  decay  of  a  phonon  of 

wav*. vector  k  and  ftegaancy  « ia  poeaiWe  it  daaciibad  by  the  two-phonon  deaaity  of  atatea 

*,<«.k)  -<£*«.-  >  where  8„<M)  -  *,<«  +  -,<*-  fi  -  O) ,  (5) 

enahedha  the  nmnltaneona  reqairemeaa  of  energy  and  momeatnm  conaervation  with  the  earn  over  O 
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F%.  2.  Tic  two  pboaon  deutty  of  Moto  for  pain  of  tnMverse  acoutfc  (TA)  pkoooM  of  (be  daw  (S)  uti  £ut  (F)  variety  it  plotted 
v error  fraqacocy  for  (i)  k“  [1,0,0],  ud  (b)  k  «“  [0  3, 0,0]  phoaoas  as  slow  traorvenc  phoaoas. 

For  decoy  of  *  tnmvene  phonon,  the  relevant  final  state*  are  also  transverse.  We  display  *,4«,k)  for 
t  and  t’  slow  (S)  or  fast  (F)  transverse  (T)  phonons,  with  k  at  {.3,0,0]  and  [l,0,0]“Jf  (the  zone  boundary 
point)  in  Figs.  2a  and  2b  respectively.  Since  the  two  phonon  density  of  states  exists  only  above  some 
minimum  for  any  given  k,  phonons  whose  u(k)  <  u„  can  not  decay,  such  as  the  T  phonons  at  X. 
This  conclusion  is  undoubtedly  valid  in  off  directions  for  large  enough  k  permitting  propagation  over  a  sub¬ 
stantial  portion  of  k  space. 

s  5amm.ni .  We  have  shown  that  enharmonic  decay  by  a  phonon  into  two  (or  more)  phonons  is  rigorously 
prevented  if  the  final  phonons  have  higher  phase  velocities  than  the  initial  phonon,  and  is  strongly  inhibited 
for  acoustic  transverse  phonons  near  the  zone  boundary.  Moreover,  isotope  scattering  in  GaAs  is  reduced 
near  the  zone  boundary  by  two  factors  involving  the  squared  amplitude  of  the  Ga  atoms.  Thus  a  window  is 
available  for  long-lived  high  frequency  phonons.  Since  these  results  depend  on  the  eigenvectors  they  pro¬ 
vide  a  more  sensitive  test  of  vibrational  model*  than  measurements  of  dispersion  alone. 
6-AdnosladHnfialt  *  thank  M.  Schluter  for  his  advice  in  the  use  of  the  Gilat-Raubenheimer  code, 
and  R-  C.  Fahoa  for  programming  support.  Work  at  CCNY  was  supported  by  ARO,  DOE,  and  PSC- 
CUNY. 
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PHONONS  IN  SUPERIONIC  CONDUCTORS 


W.  Hayes 

Clarendon  Laboratory,  University  of  Oxford,  United  Kingdom 


Abstract  -  Detailed  Information  about  the  nature  of  disorder  in  superionic 
conductors  can  be  obtained  from  the  study  of  vibrational  excitations  using 
Raman,  Brillouin  and  neutron  scattering  techniques.  The  present  review 
will  be  concerned  with  the  application  of  these  techniques  to  materials 
such  as  Agl,  CaF^  and  sodium  B-alumina,  with  emphasis  on  the  latter. 


I.  Introduction.  -  Most  ionic  solids  have  values  of  the  electrical  conductivity 

a  immediately  below  the  melting  temperature  TM  about  four  orders  of  magnitude 

M  - 1 0  - 1 

smaller  than  In  the  melt.  In  LIF,  for  example,  o  increases  from  10  (ncm)  at 
room  temperature  to  10  ^(licm)  1  just  below  »  1140  K.  On  melting  a  Increases 
discontinuous  I y  to  lO(ncm)  1 .  However,  some  ionic  solids  have  values  of  o  in 
the  crystalline  state  comparable  to  that  In  molten  solids  and  are  referred  to  as 
superionics  or  fast-ion  conductors*.  This  high  value  of  o  Is  due  to  ionic  trans¬ 
port  and  is  a  consequence  of  extensive  disorder  in  a  component  sublattice  of  the 
solid.  The  study  <  idle  vibrations  in  disordered  systems  has  an  intrinsic 

interest  of  Its  own  and  in  superionics  such  studies  throw  light  on  the  mechanisms 
2  3 

of  conduction  '  . 

The  superionic  materials  that  have  been  subject  to  the  most  extensive  study 
at  a  fundamental  level  in  recent  years  may  be  divided  into  3  groups: 

(I)  Silver  and  copper  based  compounds  e.g.  Agl,  RbAg^l,.  and  Cul,  in  which  disorder 
occurs  in  the  silver  and  copper  sublattices.  Here  the  prototype  material  is  Agl 
At  room  temperature  Agl  has  the  hexagonal  wurtzite  structure  and  is  referred  to  as 

0  Agl.  At  T  *  I47C  a  first-order  phase  change  occurs  to  a  body-centred  cubic 

c  -4-1 

structure,  referred  to  as  a  Agl.  The  value  of  a  Just  below  T  Is  'v  3  x  10  (flem) 

- 1  c 

it  increases  abruptly  at  T  to  ^  l.3(flcm)  ana  falls  slightly  from  this  value  on 

c  I 

melting.  A  variety  of  structural  studies  indicates  that  in  the  a  phase  the  iodine 
ions  form  a  fairly  rigid  bcc  lattice  and  that  the  sllvef,  Ions  are  randomly  distri¬ 
buted  between  them  in  tetrahedral  interstitial  sites.  It  also  appears*  that  the 
motion  of  Ag*  Ions  between  nearest-neighbour  tetrahedral  sites  is  the  basic  step 
in  Ion  conduction.  Phonon  studies  on  Agl  and  other  materials  In  this  group  have 
been  reviewed  recently^  and  will  not  be  discussed  furtiic-  here.  However,  the 
attempts  that  have  been  made  to  obtain  Information  about  the  dynamics  of  the  mobile 
Ions  using  quaslelastic  light  scattering4’®'®  and  quasieiasttc  neutron  scattering7 
should  be  mentioned. 

(ii)  Materials  with  the  fluorite  structure.  These  will  be  discussed  in  f  2. 
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(ili)  Materials  with  the  8  alumina  structure.  These  will  be  discussed  in  §  3. 

2.  Crystals  with  the  Fluorite  structure.  -  A  pronounced  heat  anomaly  occurs  In 

halides  with  the  fluorite  structure  at  a  temperature  Tc  well  below  TM;for  CaFj  Tc  3 

1430  K  and  T,.  =  1633  K.  This  anomaly  is  due  to  development  of  extensive  disorder 

m  2 

In  the  anion  sublattice  and  Is  associated  with  the  onset  of  high  ionic  conductivity. 

A  study  of  the  effects  of  anharmoniclty  (T  <  T  )  and  lattice  disorder  (T  >  T  )  on 

c  c  g 

the  Raman  spectrum  of  CaF2>  SrF2,  BaF2,  SrCI2  and  PbF2  was  made  by  Elliott  et  al  . 

In  these  materials  the  T^  Raman-allowed  phonon  broadens  with  increasing  T  and  the 
detailed  shape  of  the  Raman  band  below  Tc  can  be  explained  quite  well  using  third 
and  fourth-order  anharmoniclty.  Additional  scattering  develops  on  the  low  energy 
side  of  the  T2g  phonon  for  T  >  Tc  and  this  can  be  accounted  for  by  a  theory  of 
defect- induced  scattering,  including  effects  of  both  anion  vacancies  and  anion 
Interstitials. 

Effects  of  disorder  In  the  superionic  phase  of  fluorites  (T  >  T  )  on  elas- 

9  c 

tic  constants  was  studied  by  Brillouin  scattering  techniques  showing  a  dramatic 
fall  of  C|  |  at  Tc>  Neither  Cj2  nor  Is  appreciably  affected  by  the  disorder. 
Similar  results  have  been  obtained  by  neutron  scattering  techniques*0.  The 
different  behaviour  of  the  elastic  constants  may  be  rationalised  from  the  fact 
that  the  contributions  to  C(  (  from  Coulomb  and  short-range  forces  have  the  same 
sign  whereas  for  C(2  and  C44  they  have  opposite  signs.  It  seems  that  effects  of 
defects  on  C|2  and  Is  small  because  the  change  In  Coulomb  and  short-range 
forces  largely  cancel  each  other. 

It  should  be  emphasised  that  the  theories  used  to  account  for  effects  of 

8  9 

disorder  on  the  Raman  and  Bri llouln  spectra  of  fluorites  '  are  not  sensitive  to 
the  precise  configurations  of  vacancies  and  Interstitials.  However,  very  useful 
Information  has  been  obtained  about  the  structure  of  the  superionic  state  of 


Fig  I :  Model  of  a  2:2:2  defect  in 
fluorite  showing  two  anion  inter¬ 
stitials^,  two  relaxed  anionsg  and 
two  anion  vacancies  O  . 
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fluorites  from  the  q-dependence  of  the  Intensity  of  quastelastlc  neutron  scatter¬ 
ing11.  These  results  may  be  explained  quite  well  assuming  the  existence  of  a 
transient  vacancy- Interstitial  complex  of  the  so-called  2:2:2  type  (Figure  I), 
Involving  two  anion  vacancies,  two  anion  Interstitials  and  two  relaxed  anions. 

The  neutron  linewidths  suggest  that  these  complexes  survive  In  the  superlonlc  state 
for  times  of  •v  I  ps.  This  type  of  complex  Is  very  stable  and  Its  formation 

contributes  to  the  large  reduction  in  anion  Frenkel  energy  needed  to  account  for 

12 

the  onset  of  cooperative  disorder  at  Tc  . 

Brl  I  lou  In  scattering  techniques  have  also  been  used  to  study  effects  on  T 

13  c 

of  doping  with  trlvalent  cations  .  It  was  found,  for  example,  that  doping  CaF^ 

with  9  mole  per  cent  of  YF^  reduces  Tc  from  1430  K  to  1200  K.  In  the  doped 
material  2:2:2  type  complexes  form,  similar  to  that  shown  In  Figure  I,  but  Invol¬ 
ving  Y^+  In  cation  sites,  rather  than  anion  vacancies.  Calculation  showed'^ 
that  such  complexes  act  as  traps  for  thermally  generated  anion  Interstitials, 
thus  reducing  the  energy  of  formation  of  anion  Frenkel  pairs  and  also  of  T  . 

3.  Compounds  with  the  8 -alumina  structure.  -  Melt-grown  crystals  of  sodium 
6-alumina  have  the  formula  (l+xJNajO:  II  At where  x  *v  0.3  represents  departure 
from  stoichiometry.  The  Ionic  conductivity  at  room  temperature  Is  large  (o  ■v  0.04 
(0cm)-1)  due  to  nonstoichiometry.  The  crystals  have  a  centrosymmetr! c  structure 
with  hexagonal  symmetry.  They  consist  of  spinel-tike  (Al||0jg)  blocks  separated 
by  mirror  planes  containing  sodium  and  oxygen  Ions  (Figure  2).  The  spinel  blocks 


are  II. 26^  thick  along  the  e  mis.  The  oxygen  Ion  In  the  mirror  plane  (0(5)  in 
Figure  2)  are  coordinated  by  Af  tons  In  the  spinel  Mocks,  Joining  the  blocks 
together.  In  effect,  eech  mlrrOr  plane  Is  a  hexagonal  network  of  0(5)  Ions  Inter¬ 
spersed  with  cation  sitae  referred  to  at  Baeva  rs-Ross  (BR)  and  anti -Baa vars-Ross 
(aBR),  which  have  site  symmetry  Cfc*,  and  mid-oxygen  (mo)  which  has  site  synmttry 
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C,u  (Figure  2). 

14 

Neutron  diffraction  studies  by  Roth  et  al  on  sodium  6-alumina  at  room 
temperature  indicate  that  n,  66%  of  the  Na+  Ions  are  near  BR  sites,  n.  30#  are  near 
mo  sites  and  n,  45t  are  near  aBR  sites.  These  studies  also  led  to  the  suggestion 

that  charge  compensation  for  the  excess  sodium  In  the  mirror  plane  occurs  through 

2- 

interstitial  oxygens,  0.  ,  in  mo  sites  bound  by  two  aluminium  ions  (Al(l)  in 

2- 

Figure  2)  displaced  from  their  normal  positions  towards  the  Oj  . 

Studies  of  the  Raman  spectrum  of  sodium  6  alumina  showed  peaks  at  61 
and  100  cm-1  15,16.  gj  cm  I  peak  was  assigned  to  vibrations  of  Na+  ions  in 

BR  sites  and  the  100  cm  *  peak  to  shearing  of  spinel  blocks.  The  infrared 
absorption  spectrum  measured  with  the  electric  vector  in  the  mirror  plane  is 
much  more  complex17.  However,  interpretation  is  assisted  by  measuring  the  absorp¬ 
tion  of  material  approximating  to  stoichiometry  (Figure  3a).  Here  excitations  are 
sharp  (FWHM  *  5  cm-1)  compared  to  the  widths  of  the  overlapping  bands  found  for  the 


Fig.  3:  Infrared  absorption  with  £  Ac  of  nearly  stoichiometric  sodium  6  alumina  at 
2K,  (a),  and  of  nonstolchlometrlc- sodium  6  alumina  at  2K>  (b),  and  300K,  (c). 

nonstolchlometric  material  (FWHM  n.  25  cm  *) (Figure JJbJ.  Since  we  expect  the 
occupation  of  BR  sites  to  be  predominant  in  the  more  stolchfOwetrlc  material  we 
assign  the  59  cm'1  line  in  Figure  3e  Up  E.  vibrations  of  Ne+  Ions  near  BR  sites, 

I U  I  *5  Ift 

consistent  with  the  assignment  of  the  Raman  peak  ’  .  The  other  lines  In 

Figure  3a  are  di’?  to  complexes  of  Na*  ions  In  various  degrees  of  association  with 
of"  17  and  there  (a  „  one-to-one  correspondence  with  the  bands  of  Figure  3b. 

Figures  3b  and  3c  show  the  change  In  the  Infrared  absorption  of  nonstlochlo- 
metrlc  material  on  golngjrem  2  to  30Q  K.,  The  Intensity  of  the  102  cm  1  band  is 
very  sensitive  to  temperature,  decreasing  with  Increasing  temperature  with  an 
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activation  energy  of  n,  0.02  eV.  This  may  be  taken  to  be  the  energy  required  to 
+  2— 

remove  an  extra  Na  Ion  from  the  vicinity  of  0.  ,  making  It  aval lable  for  long- 

_  |  1 

range  conduction.  The  85  cm  band  decays  with  increasing  temperature  with  a 
similar  activation  energy.  The  Intensity  of  the  135  cm  *  band  Is  less  tempera¬ 
ture  sensitive  and  the  Intensity  of  the  176  cm  *  band  shows  little  change  between 
2  and  300  K.  If,  in  comparison  with  Figure  3a,  we  assume  that  the  Na+  Ions  giving 
rise  to  the  main  peak  In  Figure  3c  are  near  BR  sites  we  conclude.  In  agreement 

with  Roth  et  al **,  that  66$  of  the  Na+  Ions  occupy  such  sites  at  room  temperature. 

1 4 

However,  it  would  seem  that  the  assignment  by  Roth  et  al  to  mo  sites  cannot.  In 

our  case,  refer  to  a  unique  complex  since  at  least  five  different  centres  are 

involved.  The  percentage  assigned  by  Roth  et  al**  to  aBR  sites  is  too  small  to  be 

readily  recognisable  In  our  studies,  but  It  seems  likely  that  Ions  In  aBR  sites 

will  have  a  vibrational  frequency  comparable  to  that  of  BR  sites.  Our  results 

1 6 

are  In  general  agreement  with  the  suggestion  of  Wolf  that  the  sodium  Ions  should 

be  considered  as  two  major  groups,  those  bound  with  different  strengths  to  0.  I.e. 

2- 

In  associated  areas  and  those  not  appreciably  perturbed  by  0j  I.e.  In  unassocla- 
ted  areas. 

19  20 

We  have  carried  out  similar  studies  on  silver  and  potassium  B-alumina 

21 

and  more  recently  on  sodium  6"  alumina  and  its  Isomorphs  .  We  shall  give  a 

preliminary  account  of  our  work  on  sodium  8"  alumina  here.  This  material  is  similar 

5 

In  structure  to  sodium  8-alumina.  It  has  the  rhombohedral  space  group  and  Is 
composed  of  spinel-llke  blocks  of  aluminium  oxide,  but  ordered  In  a  triple  stacking 
sequence  along  the  c  axis.  These  blocks  are  separated  by  conduction  slabs  contain¬ 
ing  sodium  and  oxygen  Ions.  The  ideal  structure  Is  represented  by  the  formula 

2 ♦ 

unit  Na_0.MgO.5A  1 ,0,  with  Mg  Ions  dissolved  primarily  In  tetrahedral  I y-coord I nated 

3*  *■  L  J  ♦ 

Al  sites.  Figure  4  shows  a  projection  of  the  positions  of  Na  Ions  In  the  con¬ 
ducting  slab  on  to  the  plane  defined  by  the  bridging  Ions.  The  sites  which 


Fig.  4:  Conduction  slab  of  sodium 
8"  alumina  showing  oxygen  Ions 
(large  circles),  sodium  Ions 
(small  circles)  add  a  sodium  vacancy 
(square). 


o 
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correspond  to  the  BR  and  aBR  positions  In  sodium  6  alumina  (Figure  2)  are  tn  this 
case  equivalent.  It  Is  generally  assumed  that  the  crystals  are  not  stoichiometric, 
containing  about  15)1  of  Na*  vacancies,  and  that  the  high  Ionic  conductivity  (  *v 
0.06  (0  cm)-1  at  room  temperature)  Is  due  to  vacancy  motion. 

Figure  5a  shows  the  Infrared  absorption  at  2K  of  a  crystal  of  sodium  8" 
alumina  provided  by  W.L.  Roth,  with  the  electric  vector  of  the  radiation  perpen- 


Flg,  5:  Infrared  absorption  of  sodium  8" 
alumina  with  £XC»  a+  2K  and  300K. 


dlcular  to  the  c  axis.  The  spectrum  Is  complex,  showing  some  similarity  to  that 
of  sodium  8  alumina  (Figure  3).  An  approximate  deconvolution  of  overlapping  bands 
Is  shown  In  Figure  5.  The  Interpretation  of  these  bands  Is  at  present  tentative 
awaiting  the  outcome  of  model  calculations  and  further  experiments.  The  bands  at 
155  and  176  cm  *  are  probably  due  to  No*  Ions  In  association  with  0?  .  The  band 

*  I  1 

at  90  cm  loses  about  half  of  Its  Intensity  on  warming  to  room  temperature  (Figure 

4.  2- 

5b)  and  by  analogy  to  sodium  8  alumina  may  bn  due  to  Na  Ions  weakly  bound  to  0,  . 
The  peak  at  65  cm  Increases  In  Intensity  on  warming  to  room  temperature  and 
Is  probably  due  to  Na*  Ions  on  normal  lattice  sites  without  any  other  defects  near¬ 
by.  The  bands  at  30  and  45  cm” 1  decrease  on  warming  to  room  temperature  and  may 
be  due  to  sodium-vacancy  complexes.  These  are  also  Indications  of  a  weak  band  at 
78  cm  *. 

The  discussion  given  above  suggests  that  at  room  temperature  about  45 1  of  the 
sodium  Ions  are  on  lattice  sites  without  other  defects  nearby  and  that  the  rest  of 
the  sodium  Ions  form  a  variety  of  complexes.  This  behaviour  Is  slml ler  to  that  of 
sodium  8  alumina,  but,  again,  the  situation  is  more  complex  than  tha  diffraction 
results  for  sodium  0*  alumina14  suggest.  v  '• 

4.  Conclusions.  -  Tha  super  Ionic  materials  already  discussed  divide  Into  two 
categories  from  tha  point  of  view  of  Raman  and  Infrared  studies  of  phonons: 

(I)  A  sub  I  attics  of  tha  material  Is  effectively  totally  disordered  as  In  d  Agl  or 
partly  disordered  as  In  fluorites.  The  disorder  hare  Is  Intrinsic  and  Is  e  coopera¬ 
tive,  thermally- Induced  phenomenon.  The  characteristic  features  of  thee#  materials 
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are  a  Raman  spectrum  corresponding  to  a  defect- i nduced  single-phonon  density  of 
states  and  a  quaslelastlc  peak  associated  with  diffusive  motion. 

(II)  Nonstotchlometrtc  materials,  such  as  sodium  B  alumina,  where  the  disorder  Is 
present  in  as-grown  crystals.  The  Ions  responsible  for  conductivity  In  these 
materials  give  rise  to  relatively  sharp  Raman  and  Infrared  lines,  giving  detailed 
Information  about  environment.  There  Is  a  need  for  quaslelastlc  light-scattering 
studies  of  these  materials. 
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VIBRATIONS  AND  DIFFUSION  OF  ATOMS  IN  SUPER IONIC  CRYSTALS  AND  MELTS 


R.J.  Elliott  and  M.  Dixon 

Department  of  Theoretical  Phyeice,  Oxford  University,  Oxford,  V.K. 


Abstract.-  Recent  computer  simulation  studies  contain  sufficient 
information  about  the  atomic  disorder  and  motion  to  allow  a  calculation  of 
the  dynamical  response  of  superionic  crystals  and  melts  which  may  be  com¬ 
pared  with  measurements  of  inelastic  neutron  scattering  and  Raman  scattering. 
The  high  frequency  part  of  this  response  is  essentially  that  of  enharmonic 
vibrations  in  a  disorderd  lattice.  The  low  frequency  part  results  from 
correlated  jump  diffision  of  the  atoms. 


1 .  Introduction.  -  The  exact  nature  of  the  transition  which  occurs  in  superionic 


crystals  is  still  imperfectly  understood,  in  spite  of  the  intensive  study  of 
materials  like  Agl  and  particularly  the  fluorites  (t).  In  the  latter  the  anion 


lattice  certainly  disorders  to  some  extent  (2)  and  these  ions  are  able  to  diffuse. 
However  it  now  seems  unlikely  that  the  disorder  is  simply  due  to  partial  occupation 
of  the  empty  cube  centre  sites  with  consequential  vacancies  in  the  normal  sites. 
Rather  there  appears  to  be  a  density  variation  along  the  (100)  anion  chains  and  a 
strong!'*  correlated  motion  in  these  directions. 

The  experimental  observations  cannot  readily  be  interpreted  in'  terms  of  simple 
models  of  disorder.  The  extensive  computer  simulation  studies  of  Gillen  and 


Dixon  (3)  and  others  (A),  elucidate  some  aspects  of  the  problem.  Most  recently 
Gillan  and  Dixon  (5)  have  studied  in  mors  detail  the  dynamical  response  in  SrCt^ 
using  a  96  ion  sample  and  rigid  ion  potentials.  The  Vesult  for  the  anion  structure 
factor  (defined  be low) is  shown  in  figure  I.  '  ' 


Partial  dynamical  structure  factor  8  (t,w)  at 

k  -  (2x/ao)(2.5,0,4))  frost  siamlatiesto  at 
938*  (broken  line)  and  T  -  I  ABAC  (full  Una). 
The  peaks  at  I. A  and  A.O  x  Hr  rad.  s“'  are 
due  te  longitudinal  acoustic  and  optical 
phonons.  The  peak  it  u  ■  0  in  the  full  line 
is  due  to  diffusive  motion.  ’**■' 


Pjfel 


Phonon  structure  is  still  visible  in  the  high  T  phase  although  experiments  by 
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neutron  scattering  (6)  and  Raman  scattering  (7)  show  greater  broadening.  This 
is  interpreted  (7)  as  due  to  enharmonic ity  which  is  effective  at  relatively  low  T 
and  the  destruction  of  the  k-selection  rule  by  disorder  at  high  T. 

2.  Theory.  -  The  structure  factor  which  is  related  to  neutron  scattering  is 
defined  as 

Sae(k,w)  -  ~  fit  eiWt <1  t  exp[ik.R?(t)  -  R?(0)]> 

Q  ^  1 

where  is  the  position  of  atom  i  of  type  a  and  <  >  indicates  thermal  average. In 
harmonic  theory  R(t)  is  expanded  about  its  equilibrium  position,  but  in  the  simu¬ 
lations  the  full  expression  is  used.  The  motions  at  high  T  are  roughly  described 
as  oscillations  around  some  point,  followed  by  a  jump  to  a  new  position. 

The  Raman  scattering  is  proportional  to  the  correlation  between  the  polarisa- 
bilities 

Rab-H/dt  <P«b(t)  P,bC°». 

Here  P  is  the  polarisation  due  to  the  fields  E^.R^  of  the  incoming  and  outgoing 
photons. 

Pab  “  *‘.(i)  «rb(i) 

where  r(i)  is  the  relative  electron  co-ordinate  on  atom  i.  There  are  two  import¬ 
ant  contributions  to  P,  one  local  when  i*»j  involving  the  electronic  quadrupole  or 
the  electronic  orbit  aiae,  for  combinations  of  the  indices  a,  b  appropriate  to 
second  and  sero  order  harmonics  respectively.  The  other  arises  for  the  induced 
dipoles  on  different  atoma  i  j*  j,  which  is  effectively  the  modulation  of  the 
van  der  Was Is  in t era t ion  (8) .  Extensive  discussion  of  the  latter  mechanism  has 
been  given  for  rare  gas  liquids  but  because  of  the  long  range  non-local  character 
computer  simulations  are  unreliable  (9).  He  have  assumed  a  local  polarisation 
which  depends  on  the  relative  local  atomic  displaceawnts  via  a  term  like  the 
Born-Heyar  potential  A  e  *^P.  The  two  components  depend  on  the  density  and  quadru¬ 
pole  distortion  of  the  local  envirosaMnt. 

3.  Halts.  -  He  have  estimated  these  affects  on  a  computer  simulation  of  molten 
Mel  using  a  rigid  ion  model  (10).  Figure  2  shows  results  for  the  number-number 

end  charge-charge  eanhlmatiooa. 

5m»(*ce>  ■*♦♦♦•-  *  <**-♦  *->• 

The  Raman  scattering  Intensity  is  shown  in  figure  3  for  the  two  symsetry  types. 

Since  the  polarieability  is  doe  to  relative  atomic  displacements  the  vibrational 

pert  is  emphasised,  although  the  'optical  phonon'  peak  is  less  pronounced  then  it 

is  in  I.  The  narrow  diffusive  peak  seem  in  is  absent. 

on 

Computer  simulations  ere  proving  extremely  valuable  in  determining  the  atomic 
structure  and  atomic  motion  in  super  ionics  and  melts.  They  allow  an  effective 
separation  of  vibrational  end  diffusive  motions  because  of  the  jump  diffusive 
character  ef  these. 
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PHONONS  AND  IONIC  CONDUCTIVITY  IN  THE  TWO-DIMENSIONAL  SUPER I ON 1C 
CONDUCTOR  AgCrS2 


P.  Briiesch,  T.  Hibaa  and  W.  Biihrer* 

Broun  Boveri  Research  Center,  CR-5405  Baden,  Suitzerland 
*Institut  fllr  Reaktorteehnik  ETH2,  CH-S303  WUrenlingen,  Suitzerland 


Abstract.-  Par-infrared  technique,  coherent  and  incoherent  neutron  scat¬ 
tering  have  been  used  to  study  the  lattice  dynamics  of  AgCrSp  at  different 
temperatures .  Hie  lew  frequency  TO  mode  shews  a  pronounced  softening  between 
10  K  and  700  K.  The  data  are  analyzed  with  a  rigid-ion  model  and  it  is  _1 
shown  that  the  pattern  of  eigenvectors  of  the  low  energy  modes  (v  <  45cm  ; 
give  basic  information  for  the  diffusion  process  of  the  Ag  ions. 


AgCrS2  is  a  layer  crystal  which  shows  rather  anisotropic  behaviour  in  structure 
and  macroscopic  properties.  At  673  K  AgCrS2  exhibits  a  second  order  phase  tran¬ 
sition  to  a  partially  disordered  structure  where  the  Ag  ions  are  distributed  over 
a  large  nuntoer  of  available  sites,  resulting  in  a  hi#)  ionic  conductivity  in  the 
layers  (1).  Insight  into  the  fast  diffusion  can  be  gained  by  investigating  not 
only  static  properties  such  as  o  (0)  but  rather  the  full  dynamics  of  the  crystal 
lattice.  This  paper  reports  results  of  far-infrared  and  neutron  inelastic  scat¬ 
tering  experiments.  The  measurements  are  analysed  with  a  rigid-ion  model  and  the 
process  of  jimp-diffusion  is  discussed  on  the  basis  of  a  reaction  coordinate 
which  is  expressed  in  terms  of  the  phonon  structure. 

c 

AgCrS2  cristallizes  in  a  trigonal  lattice  (space  group  C^v)  with  one  formula  unit 
per  primitive  cell.  At  the  zone  center,  the  irreducible  representations  are 
r  =  4  A^  ♦  4  E,  and  both  types  are  infrared  active.  Along  the  trigonal  axis  and 
at  the  point  T  there  are  again  4  ©re -dimensional  and  4  two-dimensional  representa¬ 
tions;  all  other  points  in  the  Brillouin  zone  have  lower  syrrmetry.  Single  phase 
AgCrS2  has  been  prepared  as  described  elsewhere  (1)  .  Small  additions  of  AgCl  im¬ 
proved  the  growth  of  single  crystal  platelets. 

The  far- infrared  (FIR)  measurements  have  been  performed  with  a  Beckmann  inter¬ 
ferometer  in  the  polarizing’  mode  for  v  <  150  c*f*  and  in  the  Michelson  mode  for 
150  cm-1  <  v  <  400  cm  1.  Fig.  1  shows  the  transmission  spectnm  of  an  AgCrS2  film 
on  Si,  and  Fig.  2  displays  the  reflectance  spectrun  of  a  pressed  pellet.  The  first 
abserpten  band  near  30  cm-1  can  be  interpreted  as  TO  mode  (q|  |z,  e(q)  ]_  z)  an 
assigrment  which  is  based  on  transmission  measurements  of  a  thin  single  crystal. 


Fig.  1:  Far- infrared  transmission  Fig.  2:  Far-infrared  reflectivity  of 

of  a  thin  film  (d'vMOOO  H)  AgCrS.  (pressed  pellet)  at 

of  AgCrS2  on  a  silicon  295  K? 

wafer  at  295  K. 

A  rich  structure  is  observed  between  190  cm  1  and  400  cm  \  a  tentative  assign¬ 
ment  is  given  on  Fig.  1. 

The  dispersion  relation  of  the  lowest  energy  inodes  was  determined  by  coherent  in¬ 
elastic  neutron  scattering  techniques  on  a  small  but  perfect  single  crystal.  For 
the  experiments  the  triple  axis  spectrometer  at  the  reactor  Saphir  was  used  in  its 
doubly  focusing  mode  of  operation  (2).  Results  for  phonos  propagating  along  the 
trigonal  axis  (r  -  T)  and  along  (r  -  L)  are  shown  in  Fig.  3-  Hie  dispersion  curves 
show  the  typical  behaviour  of  an  anisotropic  layer  compound  with  its  large  separa¬ 
tion  in  intralayer  and  interlayer  modes . 

FIR  measurements  as  function  of  temperature  shewed  a  pronounced  softening  of  the 
lowest  TO  mode,  the  frequency  decreases  from  39  cm*1  at  10  K  to  22  cm"1  at  the 
transition  point.  Fig.  4.  This  mode  softening  is  unique  in  the  large  family  of  Ag 
based  superionic  conductors  (3).  15*  symmetry  of  the  AgCrSg  lattice  is  low,  and 
hence  group  theory  gives  only  little  information  on  the  eigenvectors  of  the  ions  in 
the  different  modes.  Therefore  it  is  necessary  to  perform  a  model  calculation,  and 
as  a  starting  point  we  used  a  simple  rigid  ion  model  with  valence  field  farces  for 
the  short  range  term.  The  parameters  (10  short-range  stretching  constants  and  ion¬ 
ic  charges)  were  adjusted  in  order  to  reproduce  the  lowest  frequency  inodes  (Fig. 3). 
A  serious  problem  is  given  by  the  large  separation  between  the  lowest  in-plane- 
mode  (30  cm”1)  and  the  corresponding  out-of-plane  mode  (190  cm"1)  which  could  not 
satisfactorily  be  explained  with  our  model.  Fbr  a  deeper  understanding  of  this 
anisotropy  the  influence  of  the  induced  permanent  dipoles  on  the  sulphur  ions  must 
be  included  in  the  computations  (4) .  However  we  Obtain  a  good  agreement  for  the 
low  frequency  modes  and  due  to  the  large  energetic  separation  of  modes  with  the 
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Pig.  3:  Phonon  dispersion  curves  in  Fig.  4:  Temperature  dependence  of  the  low 
AgCrS2-  0  longitudinal  •  trans-  frequence  TO-mode  of  AgCrSj.  The 

versal;  lines:  rigid- ion  mod-  peculiar  behaviour  below  150  K  is 

el  calculation.  not  yet  understood. 

same  symnetry,  the  eigenvectors  of  the  lowest  branches  turned  out  to  be  almost 
model  independent.  We  obtain  the  following  result  :  r  (TO)  (30  cm  1)  Ag  planes 
vibrate  against  the  rigid  S-Cr-S  layer;  T  'TA)  only  Ag  ions  involved;  T  (TO) 

(45  cm  1)  only  S-Cr-S  layer  in  motion;  L  (TA)  (45  cnf1)  only  Ag  vibrates. 

Atomic  migration  in  crystals  is  discussed  by  Flynn  (5).  The  instantaneous  rela¬ 
tive  position  of  the  migrating  atcm  and  ist  neighbours  is  of  central  interest  in 
the  diffusion  process  and  is  a  suitable  reaction  coordinate  which  can  be  expressed 
in  terms  of  the  phonon  structure  (eigenvectors,  density  of  states).  Evidently  lew 
lying  flat  optic  modes  and  low  zone  boundary  acoustic  branches  give  the  main  ef¬ 
fects  because  they  have  a  large  density  of  states,  strong  vibrational  amplitudes 
and  are  thermally  easily  activated;  moreover  in  all  these  modes  in  AgCrS^  the 
Ag  ions  and  the  surrounding  cage  move  not  in  phase.  In  addition  the  softening  of 
the  frequencies  will  enhance  the  diffusion  probability  (reduced  barrier  height). 
This  can,  in  principale,  give  rise  to  a  temperature  dependent  activation  energy  (1) 
In  sinmary  we  conclude  that  the  observed  dynamical  features, i.e  flat,  soft,  low 
energy  modes,  qualitatively  explain  the  fast  diffusion  of  Ag  ions  in  AgCrS^.  For 
a  theory  of  the  conductivity  a  (v,  T)  and  the  transition  temperature  Tc  additional 
experiments  at  higher  temperatures  as  well  as  a  better  lattice  dynamical  model  are 
necessary. 

(1)  T.  Hitma,  Solid  State  Cemnun.  ^  M5  (1980) 

(2)  W.  Bt&uTer  et  al.,  Nucl.Instr.  and  Meth.  17£  ,  259  (1981) 

(3)  P.  Brtlesch,  H.  Beyeler,  and  W.  BUhrer,  Proc.Int.Conf.  on  Lattice 
Dynamics,  Flairmerion  (Paris)  1978 

(4)  A.  Frey  and  R.  Zeyer,  Solid  State  Cemnun.  28,  435  (1978) 

(5)  C.P.  Flym,  Phys.Rev.  ljl  ,  682  (1968) 
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LOW  FREQUENCY  LIGHT  SCATTERING  SPECTRA  OF  Agl  * 

W.  Sasaki,  Y.  Sasaki,  S.  Ushioda  and  W.  Taylor* 

University  of  California,  Irvins,  California  92717,  U.S.A. 


Abstract .  The  Rayleigh— Brlllouin  spectra  of  u—  and  6 — Agl  have  been  Measured 
with  a  Fabry-Perot  interferometer  in  a  back  scattering  geometry.  The  longi¬ 
tudinal  acoustic  phonon  frequency  in  the  6-phase  gradually  decreases  with 
increasing  temperature  fro*  17.4  GHz  at  roo*  temperature  to  16  GHz  just  below 
the  transition.  At  the  transition  temperature  (145°C)  the  frequency  of  the 
LA-mode  shifts  suddenly  to  13.5  GHz,  and  thereafter  it  remains  independent  of 
temperature.  No  peak  corresponding  to  the  TA  phonon  was  observed.  A  broad 
peak  was  observed  in  the  frequency  region  near  27  GHz  where  a  conductivity 
anomaly  was  found  by  earlier  infrared  reflectivity  measurements. 


1.  Introduction.-  In  the  superionic  phase  of  Agl  liquid-like  diffusive  motions  of 

the  silver  ions  produce  two  central  components  in  the  inelastic  light  scattering 

spectra. ^  In  the  same  low  frequency  region,  peaks  due  to  acoustic  phonons  should 

(2  3) 

appear,  and  according  to  theory  ’  they  may  show  interference  with  the  diffusive 
motions  of  cation  ions.  The  purpose  of  the  present  paper  is  to  Investigate  the  in¬ 
elastic  light  scattering  spectra  of  a-  and  0-AgI  in  the  frequency  range  of  0.1  GHz 
to  300  GHz.  The  frequency  region  near  30  GHz  (1  cm-1)  where  an  anomaly  in  the  fre¬ 
quency  dependence  of  the  conductivity  oCw)  was  observed  by  the  far-infrared  measure- 
(4) 

■sent  has  been  explored  to  find  a  corresponding  structure  in  the  light  scattering 
spectrum. 

2.  Experiment . -  Single  crystals  of  S~AgI  grown  from  a  water  solution ^  were  cleaved 
parallel  to  the  base  plane  with  the  c-azis  of  the  vurtzite  structure  normal  to  the 
large  hexagonal  surface.  This  hexagonal  plate  shaped  sample  was  mounted  in  an  oven 
with  one  of  the  sides  along  the  horizontal  as  indicated  in  the  insert  to  Fig.  1. 

What  we  call  Y-axis  is  normal  to  one  of  the  sides  of  the  hexagon;  Z-axls  is  parallel 
to  the  c-axls.  The  Oven  temperature  was  controlled  within  0.5°C.  The  incident  light 
(6328 1  line  of  a  multi-mode  He-Ne  laser)  was  directed  along  the  c-axls  and  the  back 
scattered  light  was  analysed  by  a  triple-passed  plane-parallel  Fabry-Perot  interfer¬ 
ometer  with  a  fineness  of  30.  The  frequencies  of  the  observed  Brlllouin  spectra 
were  calibrated  by  comparison  with  the  well-known  Brlllouin  spectra  of  pur*  fused 
silica. W 

3.  Results  and  Discussion.-  Figure  1  shows  the  Brlllouin  spectra  of  $-AgI  (125°C) 
with  the  LA  phonon  peak  located  at  16.3  GHz.  In  the  (YT)  polarisation  configuration 
a  clear  peak  is  observed,  while  no  peak  is  observed  in  the  (XT)  polarisation  con- 

* Permanent  address  :  Department  of  Physics,  University  of  Zdinburqh 
Research  supported  by  NSP,  EUR  80-11435 
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figuration  as  shown  in  the  figure.  According  to  the  selection  rule  for  the  wurtzlte 
structure ^  this  strong  peak  corresponds  to  the  LA  phonons  propagating  along  the 
c-azis. 

From  the  observed  Brillouin  frequency,  v  -  17.35  GHz,  and  the  refractive 
index,  we  find  the  sound  velocity  v  •  2.48  x  1(-  cm/sec.  This  value  is  reasonable 

5s 

compared  to  the  value  of  2.17  x  .10  cm/sec  obtained  by  extrapolating  the  neutron 

(8) 

scattering  data.  One  of  the  elastic  constants  C,,  was  found  to  be  C,,  ■  3.7  x 

H  2  " 

10  dyne/ca  .  This  value  is  comparable  to  the  corresponding  data  for  AgBr  and 


Fig,  1  :  Brillouin  spectra  of  LA  phonons  Fig.  2  :  Brillouin  spectra  of  LA  phonons 
in  B-Agl.  The  insert  shows  the  crystal  in  a-Agl.  The  Insert  shows  the  crystal 
orientation.  orientation. 


Figure  2  shows  the  Brillouin 
spectra  of  u-Agl  at  155°C.  The  frequency 
shift  of  the  acoustic  phonon  decreases  to 
13.7  GHz  at  the  transition.  According  to 
the  selection  rule  for  a  bcc  crystal, 
both  the  LA  and  the  TA  phonons  should 
appear  in  these  spectra, ^  but  the  TA 
phonon  peak  is  not  found.  After  the 
8-to-o  phase  transition,  the  c-axis  of 
the  wurtzlte  phase  becomes  the  [110]  axis 
of  the  cubic  phase.  Bence,  under 

our  experimental  condition  (back  scat- 


Flg.  3  :  Temperature  dependence  of  the  LA 
phonon  frequency. 


taring)  the  LA  phonon  propagates  along 

the  [lio]  direction  of  the  cubic  phase,  and  can  scatter  light  for  the  polarisation 
configuration  (Y,Y)  but  not  for  (Y,f).^  By  rotating  the  polarisation  of  the  in¬ 


cident  light,  we  found  that  the  max  1mm  intensity  is  obtained  for  the  incident  pol¬ 
arisation  at  -45  from  the  vertical,  l.a.  (7l,Y)  configuration.  The  intensity  is 
significantly  weaker  whan  the  incident  light  polarisation  Is  rotated  to  +45°,  i.e. 


for  the  (YX,Y)  configuration.  The  reason  for  this  polarisation  affect  has  sot  boon 
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determined.  However,  we  believe  that  the  observed  effect  originates  from  multi¬ 
domain  formation  at  the  g-a  transition  which  is  first  order. 

(2)  (3) 

Huberman  and  Martin,  and  Subbaswamy  have  predicted  the  existence  of 
Interactions  between  the  diffusing  Ag+  ions  and  the  acoustic  phonons.  In  our  exper¬ 
iment,  no  clear  indication  of  this  interaction  could  be  found  from  the  observed 
spectral  shape  of  the  LA  phonon  peak.  The  fact  that  the  TA  phonon  peak  could  not 
be  found  in  our  spectra  may  indicate  a  strong  interaction  between  the  diffusive 
motion  of  Ag+  and  the  TA  phonons  resulting  in  heavy  damping.  The  absence  of  the 
TA  phonons  is  probably  related  to  the  liquid-like  behavior  of  the  Ag+  ions  in  the 
a-phase. 

Figure  3  shows  the  temperature  dependence  of  thp  LA  phonon  frequency  which 
decreases  gradually  from  17.5  GHz  at  room  temperature  to  16  GHz  just  below  the 
transition  temperature.  The  frequency  suddenly  shifts  to  13.5  GHz  at  the  transi¬ 
tion  temperature  T  and  remains  constant  above  T  .  For  our  sample  T  was  145°C. 
c  c 

In  the  frequency  region  about  30  GHz  («  1  cm  )  some  structures  were  found  in 
the  frequency  dependent  conductivity  o(u)  which  was  derived  from  the  infrared  re¬ 
flectivity.^’12^  He  looked  for  a  corresponding  structure  in  the  Brlllouin  spectra, 
and  found  a  weak  and  broad  peak  at  27  GHz.  However,  the  nature  of  this  peak  could 
not  be  determined  definitively  due  to  its  low  Intensity. 

The  diffusive  central  component  with  3.8  cm  1  width^  could  not  be  observed 
in  this  experiment,  although  we  looked  for  such  a  feature. 
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ULTRASONIC  PROPERTIES  OF  A  SUPERIONIC  GLASS  :  B203,  0.5  Li20,  0.7  LiCl 
D.  Eiplys  and  J.Y.  Prieur* 

Molecular  Acoustics  Laboratory,  University  of  Vilnius,  Knyvos  4a,  2S2006 
Vilnius,  Lituany,  U.S.S.R 

* Laboratoire  d'Ultraaons,  University  Pierre  et  Marie  Curie,  Tour  IS,  4  place 
Jussieu,  75230  Paris  Cedex  05,  France 

Abstract.  —  We  aeasured  the  attenuation  and  the  phase  velocity  variations  of 
longitudinal  ultrasonic  waves  in  a  superionic  glass  of  composition  :  B203, 

0.5  Li.O,  0.7  LiCl  .  The  experimental  curves  show  at  least  three  different 
mechanisms  of  sound  attenuation.  Comparison  with  the  result  for  a  less  con¬ 
ductive  compound  (B203 ,  0.5  Li20)  is  done.  Two  of  the  mechanisms  are  attribu¬ 
ted  to  the  glassy  nature  of  the  compound .  One  is  believed  to  be  due  to  the 
superionic  properties  of  the  material. 


Among  the  superionic  conductors  there  is  a  class  of  compounds  which  are  glassy 
materials.  These  are  very  interesting  because  it  is  relatively  easy  to  prepare  them 
with  a  fairly  large  size  (typically  a  cubic  centimeter) .  But  up  to  now  they  are  not 
as  good  conductor  at  room  temperature  as  the  crystalline  super ionic.  Thus  there  is  a 
need  for  studying  their  properties  in  order  to  improve  them. 

We  have  measured  the  attenuation  and  the  phase  velocity  variations  of  ultraso¬ 
nic  waves  in  a  superionic  glass  with  the  chemical  formula  :  B203,  0.5  Li20,  0.7  LiCl. 
These  materials  were  synthetized  by  A.  LEVASSEUK  and  his  co-workers,  from  the 
University  of  Bordeaux  I.  Their  room  temperature  conductivity  is  between  10~5  and 
10~6  fi-1  cm"1,  it  is  generally  believed  that  the  increase  of  lithium  oxide  will  chan¬ 
ge  mainly  the  microscopic  structure  of  the  glass  when  the  increase  of  lithium  chlori¬ 
de  will  increase  the  conductivity  of  the  material.  Thus  it  seemed  worth  to  us  to 
study  a  glass  with  the  same  content  of  lithium  oxide  but  without  lithium  chloride, 
i.e.  B2o3,  0.5  Li20  .  In  this  way  we  expected  to  be  able  to  separata  the  variations 
due  to  the  structure  of  the  material  (glassy  type  variations)  from  those  due  to  the 
superionic  nature  of  the  glass.  The  experimental  results  are  displayed  in  Pigure  1 
for  the  attenuation  and  in  Pigure  2  for  the  velocity.  In  these  figures  the  data  for 
the  glass  with  LiCl  are  shown  with  full  lines  when  the  ones  for  the  glams  without 
LiCl  are  shown  with  dashed  lines. 

At  low  temperatures  (below  15  X)  both  materials  have  the  a  asm  kind  of  varia¬ 
tions.  they  are  glassy  types.  The  variations  for  the  compound  with  LiCl  have  been 
analysed  in  details  and  the  result  reported  elsewhere  [1].  The  attenuation  changes 
as  T3  up  to  about  1  X,  then  it  bends  around  towards  a  plateau  the  height  of  which 
varies  linearly  with  the  frequency. 

Between  15  X  and  100  X  a  second  mechanism  of  attenuation  arised.  It  a earned 
clear  from  the  results  for  the  compound  without  LiCl,  this  mechanism  is  due  to  the 
relaxation  of  a  distribution  of  two  level  system e  (TLS)  with  a  relaxation  time  chan¬ 
ging  with  a  distributed  Arrhenius  type  lam  versus  the  temperature .  Such  a  peak  is 
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often  found  for  glassy  materials  [2].  This  behavior  Is  less  obvious  for  the  L1C1 
compound.  But,  since  an  Increase  of  the  attenuation  arises  in  the  same  range  of  tem¬ 
perature,  we  believe  that  the  main  reason  for  it  is  an  Arrhenius  type  relaxation. 

Finally,  at  higher  temperatures  (T  > 100  K)  a  new  mechanism  of  attenuation 
appears  in  the  LiCl  compound,  it  is  certainly  much  weaker  in  the  other  compound  since 
we  begin  to  see  such  an  increase  only  above  250  K  .  This  mechanism  seemed  to  be  of  a 
new  type  and  probably  related  to  the  lithium  concentration  since  it  exists  in  both 
materials  and  it  is  much  stronger  in  the  compound  with  the  hl^er  lithium  concentra¬ 
tion. 


The  velocity  variations  does  not  show  so  well  defined  temperature  behavior. 
However  at  low  temperature  they  are  characteristic  of  a  glassy  compound.  At  tempera¬ 
tures  lower  than  4  K,  the  velocity  increases  as  the  logarithm  of  the  temperature  and. 
is  frequency  independent,  The  slope  of  the  curves  for  the  LiCl  doped  compound  is 
slightly  lower  than  the  ones  of  the  other  compound.  These  variations  are  known  to  be 
due  to  the  resonant  interaction  between  the  ultrasonic  waves  and  the  TI a  [1-3].  Then 
the  curves  bend  around  and  a  decrease  almost  linear  is  observed.  It  has  been  shown 
in  Ref.  [l]  this  variations  can  be  explained  by  the  relaxation  interaction  between 
the  waves  and  the  TLS .  The  bending  appears  at  higher  temperature  and  the  temperature 
decrease  is  weaker  in  the  compound  without  LiCl  than  in  the  other. 


Figure  1  -  Experimental  variations  of 
the  attenuation  of  longitudinal  waves 
in  both  compounds.  The  lines  are  guide 
for  the  eyes.  The  full  lines  are  rela¬ 
tive  to  B2°l»  0,5  hijO,  0.7  LiCl  and 
the  daahea  lines  to  8^3,  0.5  LigO  . 


Figure  2  -  Experimental  velocity  varia¬ 
tions  of  longitudinal  waves  in  both 
compounds.  The  lines  are  guide  for  the 
eyes.  The  full  lines  are  relative  to 
B,0j ,  0.5  Li20,  0.7  LiCl  and  the  dashed 
lines  to  ^Oj,  0.5  Li20  . 
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Around  60  K  the  slope  of  the  decrease  diminishes  and  a  region  with  a  slight 
dispersion  starts.  It  is  in  the  temperature  range  near  the  maximum  of  the  Arrhenius 
peak.  Then  we  think  this  change  is  related  to  the  peak. 

On  a  quantitative  point  of  view,  we  must  remember  that  the  attenuation  varia¬ 
tions  for  any  effect  are  at  least  proportional  to  the  inverse  of  the  third  power  of 
the  sound  velocity.  Thus  we  measured  the  absolute  sound  velocity  for  longitudinal  and 
transverse  waves  in  both  compounds,  we  found  a  6.2  •  10 3  m/sec  and 
VT  »  3.75  •  103  m/sec  in  the  LiCl  compound,  and  ■  6.92  •  103  m/sec  , 

VT  -  3.97  •  103  m/sec  in  the  other.  Thus  the  attenuation  of  the  latter  must  be  mul¬ 
tiply  by  1.25  before  comparison  with  the  LiCl  doped  compound. 

If  we  do  so,  the  height  of  the  plateau  is  the  same  in  both  compounds.  This 
seemed  to  show  that  the  coupling  constant  is  independent  of  the  LiCl  concentration. 
The  slight  difference  in  the  slope  of  the  velocity  curves  can  be  taken  into  account 
by  changing  the  distribution  of  two  level  systems  as  it  was  done  in  Ref.  [3]. 

It  has  been  shown  in  [1]  using  the  theory  of  Ref.  [3]  that  the  attenuation  and 
the  velocity  variations  in  the  LiCl  compound  can  be  explained  quantitatively  by 
introducing,  besides  the  deformation  potentials,  two  constants  labeled  K3  and  K7.  K3 
K?  are  expected  to  be  roughly  proportional  respectively  to  VT5  and  VT10 .  Then  with 
the  velocity  measured,  K3  and  IC7  should  be  stronger  by  a  factor  of  1.3  and  1.8  in  the 
LiCl  doped  compound.  The  accuracy  is  too  small  on  the  attenuation  curves  to  see  such 
a  weak  factor.  But  it  is  clear  on  the  velocity  curves  that  the  height  of  the  maximum 
is  lower  end. the  slope  of  the  decrease,  higher  for  the  LiCl  doped  compound  than  for 
the  other.  This  is  exactly  what  is  expected  from  the  theory  developed  in  Ref.  [3]. 

The  quantitative  comparison  is  more  difficult  at  higher  temperature  since  there 
is  no  satisfying  theory  developed  up  to  now  to  explain  the  Arrhenius  peak,  a  simple 
way  to  analyse  the  results  will  be  to  substract  from  the  LiCl  curve  the  convenably 
scaled  variations  for  the  other  compound.  But  this  leads  to  some  rather  strange 
variations  for  the  extra  attenuation  around  40  K .  Then  we  think  that  the  introduction 
of  LiCl  changes  possibly  the  distribution  of  the  barrier  height.  This  called  for  a 
more  careful  analysis.  Finally  we  note  that  the  extra  attenuation  increases  very 
roughly  as  the  frequency. 
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A  NEW  INTERPRETATION  OF  ULTRASONIC  ATTENUATION  IN  SUPERIONIC  CONDUCTORS 
(5  AND  B"-ALUMINA 


D.P.  Almond  and  A.R.  West* 
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Kingdom 

Abstract  :  Broad  asyranetric&l  attenuation  peaks  tune  been  found  in  the 
ionic  "conductors  6  and  6"-alunlna  which  cannot  be  explained  by  Debye  theory. 
They  an  interpreted  as  being  a  canaequanoe  of  non -exponential  decay  pro¬ 
cesses  and  an  analysed  using  universal  dielectric  response  theory. 

Additional  effects  associated  with  water  contamination  of  the  sanples 
are  discussed. 


Measurements  of  the  ultrasonic  attenuation  in  a  single  crystal  sanple  of  g- 
alumlna  1  and  a  polycrystalline  sanple  of  predominantly  g"-alumina^  reveal 
attenuation  peaks  at  low  temperatures,  ibe  peaks  axe  found  to  be  thermally  acti¬ 
vated  and  have  been  associated  with  the  bopping  of  Na+  Ions  from  site  to  site  in 
the  ionic  conductors. 

Similar  activation  energies,  of  0.166  eV  far  6-alumina  and  0.142  eV  for  g"- 
alumina  were  obtained  from  these  measurements.  These  results  were  obtained  using 
Debye  theory,  i.e.  assuming  peaks  occur  where  the  product  of  angular 
frequency  u  and  relaxation  tine  t  equals  one.  The  peaks  were  found,  however,  to 
be  ouch  broader  than  expected  far  an  interaction  with  ions  which  all  have  the 
same  relaxation  time.  In  the  past,  broadened  peaks  of  this  type  have  been  ex¬ 
plained  by  postulating  a  distribution  of  relaxation  tines,  gCr).  The  attenuation  a 
was  than  considered  to  be  formed  ton  contributions  oomaponriUng  to  all  the  relaxa¬ 
tion  tinea  in  the  distribution  as  in  equation  1. 

««/*CT)15^iadT  Cl) 

Pemplse  at  the  attenuation  peaks  fonad  in  MOsrtaa  and  polycrystalline  g"- 
aliaUoa  are  Mon  plotted  against  inverse  temperature  in  Pigs. la  sad  lb.  the 
attenuation  for  an  appropriate  slnglA  relaxation  time  pro  case  is  Mhona  as  a  daahad 
line  in  each  figure.  Tha  peaks  uv  very  similar  in  shape  and  are  particularly 
aayetrical.  Conventionally  thin  nee— itatss  postulating  a  bread  highly  asym¬ 
metrical  ddstrtbutiea  at  relaretlon  tinea,  and  by  OpI3 flatten  of  barriar  heights,  la 
these  materials.  Bueh  a  diet ribut ion  asens'-to  be  phgniaally  tnieamnOnla  in  err* 
stalling  aoJUda  like  tbs  g  altnrinaa.  In  this  paper.ws  s^gast  an  altsrentlvs 
interpretation  of  the  data  based  as  a  reread  is  Urn  of  the  relaxation  pseoana , 
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response  of  dielectrics. 


Fig.  1.  Attenuation  of  240  Ifiz  longitudinal  enes  in  single  crystal  B-alwdna, 

(Fig.  la)  and  56  IBs  longitudinal  eaves  in  polycrystalline  8"-aliwina  (Fig.  lb) 
versue  inverse  tagwrature.  Fits  of  solid  lines  use  parsneters  stioan 
as  explained  in  the  text. 

Jonscher^3)  has  ^xxm  that  the  dielectric  loss  in  solids  of  all  types  cannot 
be  explained  using  Debye  theory  and  physically  reasonable  relaxation  time  distribu¬ 
tions.  He  has  suggested  that  the  data  Indicates  that  the  fundaaantal  Debye  theory 
assumption  of  pure  exponential  decay  of  dielectric  perturbations  is  Invalid.  The 
"universal  dielectric  response"^  of  ante  rials  has  been  shewn  to  be  a  consequence 
of  non-exponential  decay  processes.  In  dielectric  solids  strong  many-body  inter¬ 
actions  between  electric  diopoles  cause  ncn-expcnentlal  decay  pmcieanon.  Di¬ 
electric  loss  peeks  are  found  to  fit  functions  of  the  team 

X'C«>*  [<*/*!  )"“+(«/«2  )lH“  3  -1  (2) 

abere  the  dielectric  loss  S'(p)  Is  related  to  the  tfaeraally  activated  parameters  uj 
and  e2  the  relaxation  time  t  has  no  meaning.  The  emxxmnts  a  and  (1-n)  are  related 
to  the  form  of  the  decay  process.  In  0-sluntna  and  met  other  Ionic  conductors 
strong  many-body  interactions  may  be  expected  to  Influence  the  decay  of  perturba¬ 
tions  in  ionic  concentration,  lbs  appropriate dectrical  response  of  0-alumina  has 
been  shesn^4*  to  be  very  non  Dsbye-lite  and  to  be  fitted  by  a  function  of  the  form 
of  equation  2.  As  both  electrical  and  mechanical  relaxation  phsncamna  have  been 
sbom^  to  be  related  to  Na+  ion  diffusion  it  is  rngpiilnl  that  f  2  might 
be  used  in  place  of  the  usual  Debye  eagres  aloe  to  amount  for  martini  ral  relaxation 
peaks  in  ionic  conductors.  'Dm  solid  lines  In  Figs,  la  and  lb  are  fits  of 
3  balm  to  tbs  data. 

•  *  i/r  [w*j )  “*♦<•/**  )1-D3-1  (3) 

tak  them  «*t  m  mq  ■  e'*xp(-*e/W),baa  bean  used  with  the  activation  enarglaa  Ha 
amtlmsd  abme.  Ttm  other  pamamtam  used  in  the  fits  are  Aone  la  thn  figures. 
Ibam  am  all  similar  to  them  m*>layed  to  fit  thn  elsetrlasl  dats*4^  afaomlng  a 
detailed  oosmmpasdmm  hstsnan  electrical  and  mnlmnlnal  relsmitiom  in  them 
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sequence  of  the  nraewpcnential  decay  of  ionic  conoentrat  lens .  Hie  value  of  (1-u) 
which  controls  the  fit  of  the  shallow  gradient  in  attenuation  on  the  low  tenperatur* 
sides  of  the  peaks  is  si  mi  lar  to  the  value  obtained  in  an  AC  conductivity  study  of 
8-almrina^ .  This  study  Stowed  B-alnmina  to  adhere  to  Jonsoher's  wiversal  law 
and  to  be  very  non  Debye- like.  Although  for  a  ncn-expcoential  decay  t  has  no 
meaning  the  parameters  Ul  and  o2  are  thermally  activated  and  can  be  uaed^  to 
obtain  activation  energies  in  the  usual  way. 

lbs  high  tenperature  attenuation  in  S -alumina  tends  to  deviate  iron  the  fitted 
curve.  This  is  believed  to  be  a  residual  effect  of  water  contamination  of  the 
saaple.  Staples  of  the  type  studied  here  have  been  reported^  to  contain  absorbed 
water.  This  appears  to  introduce  a  large  additional  contribution  to  the  attenuation. 
The  attenuation  found  before  and  after  annealing^  to  remove  the  water  is  shorn 
in  Fig. 2.  Earlier  measurements^  were  dominated  by  the  effect  of  water  and  not  the 
basic  diffusion  process.  A  similar  phenomenon  was  found  in  the  polycrystalline  B"- 
atiwrtm  sanples^. 


Fig.  2.  Attenuation  of  100  I fiz  longitudinal  waves  An  a  single  crystal  sample  of 
B-altmrtna  before  and  after  annealing  to  remove  absorbed  water. 

1.  D.P.  Almond  and  A.R.  West,  Solid  State  Ionics  (1961),  in  press. 

2.  D.P.  Almond,  H.  fallica  and  A.R.  Vast,  Mat.  Ras.  Bull.  16(1961)  117. 

3.  A.K.  Jonmoher,  Mature,  207  (1977)  073. 

4.  D.P.  Almond  and  A.R.  Mast,  Pbys.  Rev.  letters  47  (1961)  431. 

5.  R.J.  Grant,  I.M.  Hodge,  M.D.  Ingram  and  A.R.  Rat,  Mature  206  (1977)  43. 

6.  T.  Kaneda,  J.B.  Bates,  J.C.  Rang  and  H.  Sngetrcm,  Ifct.  tee.  Bull.  14 
(1979)  1063. 

7.  D.P.  Almond  and  A.R.  Vast,  Ehya.  Iett.  66A  (1978)  130. 


JOURNAL  DE  PHYSIQUE 

Collogue  C6,  supplement  au  n°12 ,  Tome  42,  d&cembre  1981 


page  C6- 1 90 


VIBRATIONAL  DYNAMICS  OF  RI5A94I5  BY  RAMAN  SPECTROSCOPY 

E.  Caccanelli,  A.  Fontana,  G.  Mariotto  and  F.  Rocca* 

Dipartimento  di  Fisioa,  Univereiti  di  Trento  e  Unit  A  GFSH-CFR,  Trento,  Italy 
*I»tituto  per  la  Rioeroa  Scrientifioa  e  Teanologioa,  Trento,  Italy 

Abstract.-  We  have  measured  the  temperature  dependence  of  Raman  scattering  of 
superionic  KbAg^lj  from  20°  K  to  melting  point.  We  interpret  our  data  in  terms 
of  a  vibrational  density  of  states. 


The  group  compounds  like  MAg^Is  (  M  -  Rb,  K,  NH..)  are  well  known  for  their  proper¬ 
ties  of  ionic  conductivity  at  room  temperature.  For  this  reason  they  have  been  stu¬ 
died  recently  and  compared  with  more  famous  compounds  like  Agl,  Cul,  and  CuBr  which 
structure  is  much  more  simple  but  with  the  "diavantage"  to  become  superionic  conduc¬ 
tors  at  higher  temperatures  The  other  cause  of  interest  of  RbAg^ls  crystal  is 

the  presence  of  two  phase  transitions:  the  first  at  120°K,  the  second  at  208°K.  Af¬ 
ter  the  former  transition  the  RbAg4l5  crystal  Is  in  Utiperionic  phase:  this  transi¬ 
tion  is  associated  to  a  discontinuity  in  ionic  conductivity  o(T)  W .  The  last  tran¬ 
sition  takes  the  crystal  to  an  other  phase  (yet  superionic)  and  it  is  associated 
with  a  discontinuity  of  da(T)/dT 

Both  transitions  are  associated  with  a  discontinuity  in  specific  heat.  The 
208*K  phase  transition  is  a  second  order  transition  and  it  has  been  designated  a 
disorder-disorder  transition  becasse  neither  the  a  nor  the  ft-phase  can  be  ordered 

(5). 

In  spite  of  such  transitions  the  vibrational  dynamics  measured  by  Raman  spectro¬ 
scopy  does  not  change  signilicately  in  these  three  phases  (&»?)  (apart  from  the  di¬ 
sappearance  at  12(fx  cf  assail  peak  centered  at  23  cm-*  among  more  of  thirty  peaks 
and  the  appearing  of  a  low  quasi-elastic  tail);  while  in  Agl  crystals  we  have  a 
strong  change  in  the  shape  of  spectrum,  with  the  appearing  of  large  bands  in  8-phase 
and  a  strong  quasi-elastic  scattering  it:  superionic  phase  W .  Finally  we  have  no  ef¬ 
fects  at  208*K  transition.  We  have  accurately  measured  Raman  scattering  in  RhAgAlj 
as  a  function  of  temperature  from  liquid  helium  temperature  to  melting  point. 

Raman  spectra  were  excited  by  He-Ne  6328  a  laser  line  with  Mf  power  on  aamples. 
The  low  power  and  defocaliaed  radiation  were  necessary  to  avoid  photoseneibility  ef¬ 
fects.  The  scattered  light  is  dispersed  by  a  double  npaechwaater  Jobia  Yvon  (2200 
lines  per  am);  such  double  monochrcetator  has  a  vary  largp  rejection  of  stray  light: 
this  rejection  hss  allowed  us  to  measure  Raman  spectra  2  cm**l  from  laser  line.  Our 
unoriented  samples  were  of  pale  yellow  colour  and  high  optical  quality.  They  were 
grown  from  HI  solution  in  R.T.H.  in  Zurich  Laboratory  and  kindly  provided  us  by  Her¬ 
bert  Looser. 

At  liquid  helium  temperature  the  spectrum  appears  with  a  large  number  of  peaks 
which  are  superimposed  mainly  in  two  cones  centered  at  30  cm-1  and  100  cm~*  respecti¬ 
vely  (Fig.  1). 

The  large  number  of  peaks  is  not  surprising  because  the  RbAg^Is  in  its  a-phase 
has  twelve  molecules  in  unit  cell  (3) . 

The  spectrum  shape  and  tha  peak  frequencies  do  not  change  with  increasing  tenpe- 
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rature.  Essentially  »e  have  a  progressive  broadening  of  peaks  until  the  spectrum  re¬ 
duces  to  two  large  bands  centered  at  the  same  above  mentioned  frequencies,  showing 
a  low  unharmonicity  but, too,  that  vibrational  dynamics  is  not  changing.  Concurrently, 
the  integrated  Raman  intensity  between  3  cm-1  to  13  cm-*  range  changes.  Such  inten¬ 
sity  is  reported  in  fig.  2,  normalized  by  the  Bose-Einstein  population  factor.  We 
note  that  such  low  frequency  scattering  is  very  low  and  constant  up  to  about  80°K, 
then  it  increases  linearly  until  30CK  through  the  two  phase  transitions  (T  «  120°K, 
208 ° K) .  Above  such  temperature  it  tends  to  saturate.  At  the  same  time  the  integra¬ 
ted  total  Raman  intensity  has  no  change.  In  figure  3  we  reports  1R(T)  where 


VT) 


| 200  cm-1 
3  cm"l 


I  (k'T) 
n(w,T)  +  1 


din 


where  I  (u,  I)  is  Raman  intensity  at  u  frequency  and  T  temperature,  n(u,  T)+l 
is  Bose-Einstein  factor.  Thus  the  data  show  that  the  total  Raman  intensity  behaves 
as  first  order  scattering  until  melting  point.  The  different  behaviour  of  Raman  da¬ 
ta  reported  by  D.A.  Gallagher  and  M.  Klein  near  melting  point,  can  be  explained  if 
we  take  in  account  the  broadening  of  peaks  centered  at  30  cm~^:  there  is  no  change 
in  intensity  but  a  broadening  of  peaks. 

A  possible  explanation  of  the  noted  effects  can  be  obtained  if  we  take  into 
account  the  RbAg^Ij  structure  in  its  three  phase  (y,  8,  a  at  increasing  tempera¬ 
ture  (3)  and  the  high  ionic  Ag+  conducibility . 

The  absence  of  low  frequency  contribution  to  the  normalized  spectral  density 
for  temperatures  below  -v.  80°K  indicates  that  RbAg^Ij  at  such  temperatures  is  orde¬ 
red,  at  least  as  for  as  Raman  spectroscopy  is  concerned.  Upon  increasing  temperatu- 
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Fig.  2 


Integrated  Roman  scattering  between  3  cm-1  - 
13  cm-'-  range  as  a  function  of  temperature. 
The  intensity  is  normalized  by  the  appropria 
te  Bose-Einstein  population  factor. 


I 


re,  as  the  remaining  spectral 
features  broaden  the  low  fre¬ 
quency  controbution  starts  to 
increase.  This  is  an  indica¬ 
tion  of  incipient  disorder  in 
the  system. 

The  effect  of  disordering 
will  be  to  break  wave  vector 
conservation  rule.  Thus  the 
low  frequency  scattering  can 
be  interpreted  as  a  density  of 
states  contribution  from  the 
acoustic  vibrational  branches. 

In  RbAg4l5,  such  contri¬ 
bution  is  Che  only  one  that  can 
be  clearly  isolated,  since  the 
remaining  part  of  the  spectrum 
change  smoothly  from  the  super-  yu.]| 
position  of  zone  center  normal 
mode  peaks  of  the  ordered  sy¬ 
stem  to  a  vibrational  density 
of  states  which  cm  harder  be  di¬ 
stinguished  from  the  ordered 
situation,  given  the  large  num¬ 
ber  of  atoms  in  the  unit  cell 
(120)  and  the  consequent  flat¬ 
ness  of  dispersion  curves. 

Thus  the  low  frequency  scatte¬ 
ring  intensity  can  be  used  as  a 
probe  of  the  progressive  disor¬ 
dering  of  the  RbAg4lj  structure. 

Such  local  disordering  starts 
in  the  y  phase  and  continues 
through  the  two  following  phase 
transitions.  In  this  sense  BhAg^Ij  can  be  considered  to  be  always  disordered,  apart 
from  the  low  temperature  part  of  phase  y  (T  <80aK) ,  and  its  Raman  spectrum  for 
T>.80*K  is  best  described  as  a  vibrational  density  of  states. 

The  authors  wish  to  thank  prof.  M.F.  Fontana  for  valuable  suggestions  and  dio- 
cuasiona. 
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Integrated  total  Raman  scattering  as  a  fun¬ 
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LOW-TEMPERATURE  SPECIFIC  HEAT  ANOMALY  OF  THE  ONE-DIMENSIONAL  IONIC 
CONDUCTOR  HOLLANDITE 


^  H  4f.  gt 

H.v.  Lohneysen,  H.J.  Schink,  W.  Arnold  ,  H.U.  Beyeler,  L.  Pietronero  and 

S.  Strissler* 

2.  Physikalieohee  Ins  ti  tut,  RUTB  Aachen,  F.R.G. 

*BBC-Fesearoh  Centre,  Baden,  Suitserland 

Most  amorphous  materials  contain  localized  excitations  which  strongly  Influ¬ 
ence  their  low  temperature  properties;  for  example,  for  temperatures  below  a  few  K 
the  specific  heat  varies  almost  linearly  with  temperature,  and  the  thermal  conductiv¬ 
ity  Is  drastically  reduced  compared  to  crystalline  materials  and  generally  exhibits 
2 

a  T  dependence  111.  It  Is  now  accepted  that  these  excitations  arise  from  tunnelling 
of  certain  parts  of  the  disordered  network  between  two  potential  energy  minima  /2/. 
However,  the  question  of  the  microscopic  origin  of  the  tunnelling  systems  has  not 
been  solved  yet.  Similar  properties  have  been  observed  In  superionic  conductors  /3/, 
and  this  seems  to  be  particularly  promising  In  order  to  elucidate  the  microscopic 
origin  of  these  excitations  because  In  superionic  conductors  the  disorder  can  be  re¬ 
duced  to  two  dimensions  or  even  to  one  dimension.  Me  have  therefore  carried  out  spe¬ 
cific-heat  measurements  In  the  one-dimensional  superionic  conductor  hollandlte  and 
we  explain  Its  specific  heat  In  terms  of  a  microscopic  model. 

In  hollandlte  (Kgx^x^S-x0^’  the  mobile  K+  Ions  reside  In  a  linear  periodic  poten¬ 
tial  which  Is  substolchlometrlcally  occupied.  The  channels  containing  the  K+  Ions 
do  not  communicate  with  neighbouring  channels.  By  analysis  of  diffuse  X-ray  scatter¬ 
ing  a  good  description  of  the  state  of  order  has  been  obtained  /4/.  Each  channel 
contains  one  site  per  unit  cell  along  the  c-axis  and  the  fractional  occupancy  of 
these  sites  with  K+  Ions  Is  equal  to  x.  Very  Important  Is  the  Ion-Ion  Interaction 
within  each  channel:  It  removes  the  degeneracy  of  the  energies  of  different  config¬ 
urations  and  causes  the  equilibrium  position  of  the  Ions  to  shift  from  the  local 
minima  of  the  background  potential.  The  question  Is:  what  are  the  configurational 
states  In  such  a  system  and  how  do  they  contribute  to  the  specific  heat  /5/T  Speclf- 
Ic-heat  measurements  have  been  carried  out  In  two  samples  with  x  -  0.77  and  x  ■  0.78 
at  temperatures  between  70  uK  and  3  K.  The  measurements  were  made  In  a  dilution  re¬ 
frigerator  using  samples  weighing  about  100  mg  each,  and  the  results  are  plotted  In 
Fig.  1  as  a  function  of  temperature.  The  specific  heat  first  Increases  rapidly  with 
temperature  and  then  exhibits  a  maximum  at  .8  K  for  x  -  .78  and  at  1  K  x  -  .77.  The 
overall  behaviour  differs  markedly  from  that  found  In  glasses  IV  and  In  B-alumlna 
or  LIN3  IV-  Furthermore,  It  Is  very  striking  that  a  difference  of  only  it  In  x 
causes  the  specific  heat  to  change  by  a  factor  of  four.  Such  a  drastic  effect  calls 
for  special  attention. 

"present  address:  Fraunhofer-Instltut,  6600  SaarbrUcken,  FR6 
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Let  us  start  the  discussion  of  the  specific  heat 
by  defining  an  array  of  length  n  as  a  series  of 
n  consecutive  wells  occupied  by  ions  which  are 
surrounded  by  empty  wells.  For  sufficiently  high 
density  of  ions  (x2  .75)  we  can  neglect  the  oc¬ 
currence  of  two  or  more  empty  wells  adjacent  to 
each  other.  A  configuration  is  then  specified  by 
the  set  of  arroy  lengths  [n] ,  e.g.  (n]=  4;3;3;... 
indicates  that  we  have  a  vacancy,  then  four  occu¬ 
pied  wells,  a  vacancy,  three  occupied  wells  etc. 

It  has  been  shown  that  the  total  potential  energy 
of  a  given  configuration  including  the  contribu¬ 
tion  of  the  ionic  relaxation  in  each  well  due  to 
the  ion-ion  Interaction  can  be  written  In  terms 
of  a  spin  type  Hamiltonian  acting  only  between 
empty  sites  /4/: 

V=lC(nVo.<J  C(n*)  =Jan* 

H  1 

Here  J  and  a  (SI)  are  parameters  related  to  the  barrier  height  of  the  background 
potential  and  to  the  strength  of  the  ion-ion  Interaction.  The  variable  Oj  assumes 
the  value  0  or  1  depending  on  whether  the  j-th  site  Is  occupied  or  empty,  and  n*  Is 
the  total  number  of  occupied  sites  between  the  sites  j  and  j‘.  The  sum  extends  to 
all  pairs  of  empty  sites.  With  x=.77  and  using  parameters  appropriate  to  hollandlte, 
a  contribution  to  the  specific  heat  T2  40  K  Is  expected  due  to  transitions  of  type 
...;4;4;... — ^...SjS,...  The  energy  difference ^  between  these  two  configurations 
can  be  estimated  from  Eq.  (I)  limiting  the  interaction  to  nearest  holes  /4,6/: 

4  *  C(3)+  C  (5)  -  2C  (l)  =Ja3(a2  -2a  *1)  (2) 

However,  for  pairs  of  configurations  that  are  degenerate  with  respect  to  the  Inter¬ 
action  between  nearest  holes  like  ...;3;4;..TC?'..;4;3...  the  Interactions  up  to 
second  nearest  empty  wells  must  be  included.  Transitions  like  ...4;3;4;3;...  — t=— 

_ ;4;4;3;3; . . .  might  occur  which  have  a  characteristic  gap.^/®/1 

42‘C{6)  +  C(8)-2C(7)=a34j  (3) 

Because  as  ,3,^21s  »hout  40  times  smaller  than^  «"d  gives  rise  to  a  specific 
heat  peak  at  Is  1-2  K  which  agrees  nicely  with  the  experimental  findings. 

In  order  to  understand  the  strong  concentration  dependence  of  the  specific  heat  we 
need  to  take  a  closer  look  at  the  transitions  that  give  rise  to  the  peak.  The  prob¬ 
ability  of  having  a  series  of  values  like  the  starting  configuration  of  Eq.  (3)  In 
the  ground  state  Is  maximum  If  arrays  with  n»3  and  n- 4  appear  with  equal  probablll- 
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ty.  According  to  this  argument  the  maximum  specific  heat  Is  obtained  for  n  *  3.S 
(x*<n>/(<n>+l)*.77)  whilst  It  tends  to  zero  for  <n>*3(x=.75)  and  <r»*4(x*.80).  For 
Intermediate  values  of  x  a  more  detailed  treatment  Is  necessary,  which.  In  fact, 
reproduces  the  strong  variation  of  the  specific  heat  by  a  factor  of  4  /6/. 

Comparing  the  absolute  magnitude  between  the  measured  specific  heat  and  the  theoret¬ 
ical  expected  one  we  find  that  the  theoretical  curve  Is  much  larger.  This  Is  due  to 
the  fact  that  the  system  has  been  treated  as  an  Infinitely  long  chain,  while  the 
actual  samples  contain  a  high  density  of  Impurities  so  that  the  real  system  Is  a 
collection  of  separate  segments  of  various  lengths.  The  Inclusion  of  finite  chain 
length  into  theory  drastically  reduces  the  magnitude  of  the  specific  heat  and  we 
recover  the  experimental  value  If  we  assume  the  average  separation  between  blocking 
Ions  to  be  about  10  lattice  sites. 

A  further  Interesting  question  Is  how  the  transition  actually  occurs.  In  the  model 
discussed  above  a  configurational  transition  can  be  regarded  as  the  hop  of  an  Ion 
Into  an  empty  site  Including  the  relaxation  of  all  other  Ions.  The  tunnelling  parti¬ 
cle  Is  therefore  the  jumping  Ion  accompanied  by  the  other  relaxing  Ions.  Taking  an 
effective  barrier  of  about  0.04  eV  between  the  configurational  states  /4/  and  tak¬ 
ing  the  formula  for  relaxation  due  to  tunnelling,  we  estimate  a  relaxation  tlmeT 
which  Is  at  least  of  the  order  of  seconds  at  Ts  1  K.  This  value  is  rather  uncertain 
owing  to  the  unknown  parameters  describing  the  degree  of  overlap  of  the  wave- 

functions  needed  to  calculatef.  For  comparison,  the  classical  relaxation  time 

3 

(Arrhenius  law)  at  this  temperature  would  be  of  the  order  of  10  years. 

In  sunary,  we  should  like  to  point  out  that  the  low-temperature  specific  heat  ano¬ 
malies  of  a  disordered  system  have  been  analyzed  In  terms  of  a  microscopic  model. 
Experiment  and  theory  confirm  that  the  disorder  due  to  diffusing  and  Interacting 
Ions  In  an  otherwise  periodic  potential  can  give  rise  to  very  low  energy  excitations 
but  not  to  a  continuous  distribution  of  excitations.  The  transition  between  the 
states  occurs  via  tunnelling. 
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703  K  IN  SUPERIONIC  a“AgI 

f  f 

V.  Mazzacurati,  G.  Ruocco,  G.  Signorelli,  E.  Cazzaneili  ,  A.  Fontana  and 
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Abstract.-  We  interpret  the  Raman  intensity  behaviour  and  the  depolarization 
ratio  in  superionic  a-Agl  on  the  basis  of  a  theoretical  model. 


A  great  deal  of  theoretical  and  experimental  work  has  been  devoted  to  study  of 
solid  electrolytes  and  especially  Agl  both  in  the  superconducting  "phase"  (a)  and  in 
the  normal  one  ((5).  Recent  experiments  show  that  the  Raman  spec  ..-«B  of  a-Agl 

is  essentially  characterized  by  two  broad  bands,  which  are  assigned  to  the  acoustic 
and  optical  phonon  density  of  states  of  the  crystal  respectively.  The  Ag+  ions  (4 
per  unit  cell)  are  randomly  distributed  and  therefore  their  movements  are  essential¬ 
ly  uncorrelated  with  I-  oscillations  W .  Furthermore  the  polarization  ratio  of  the 
Raman  spectrum  is  frequency  independent  and  below  320°C  has  a  value  jf  1.05. 

As  a  matter  of  fact  if  a  liquid  like  distribution  of  Ag+  ions  has  to  be  expected, 
the  depolarization  ratio  should  not,  in  any  case,  exceed  0.75:  only  a  model  in  which 
R%*  ions  are  distributed  randomly  in  a  defined  sublattice  can  in  principle  explain 
this  value.  An  other  peculiar  result  is  that  increasing  the  temperature  both  intensi. 
ty  and  depolarization  ratio  decrease  reaching  above  430*0  respectively  a  factor  12 
less  and  the  value  of  0.68.  In  principle  the  p  ■  0.68  value  suggest  that  the  disor¬ 
der  is  increasing,  while  the  decrease  in  intensity  of  the  disorder  allowed  Raman 
spectrum  can  be  interpreted  only  by  supposing  that  the  overall  distribution  of  the 
Ag+  ions  is  more  isotropic. 

Following  these  considerations  we  will  assume  a  very  simple  picture  for  our  cry¬ 
stal  (using  mostly  the  same  approximation  adopted  by  Andreoni  and  Phillips  in  their 
recent  paper  <*>>,  in  order  to  attempt  an  explanation  of  the  experimental  data.  We 
suppose  that  the  Ag+  ions  can  be  located  essentially 
in  the  d-sites  obtained  with  the  aid  of  a  3  interpene¬ 
trating  bcc  sublattices  (see  fig.  1).  Around  a  given 
I”  we  will  have  therefore  8  I"  ions  in  a  bcc  lattice 
and  24  d  sites  that  should  allocate  an  average  of  4 
Ag+  ions.  We  shall  consider  hereafter  this  24  sites  as 
constituting  the  "cage"  relative  to  the  central  I “ion 
Each  cage  has  8  neighbouring  cages,  each  having  in 
comsxm  the  hexagonal  face  evideatiated  in  Fig.  1. 

The  disorder  in  polarizability  which  gives  raise 
to  the  Raman  spectrum  is  introduced  by  deformation  of 
the  symmetric  electronic  cloud  of  each  I~  ion  by  means 

of  a  randomly  oriented  electric  field  acting  on  this  __  .  , 

.  Fig-  1  s  The  cage  with  the  24 
point  polarizable  charge  due  to  the  occupied  sites  of  .  .  _  ,  , 

*  .  ,  .  .  .  ..  d-sites. The  sketched 

the  cage.  A  given  configuration  of  the  Ag*  distnbu- 

.  ,  .  ,  ....  fase  is  that  in  como 

tion  m  the  crystal  has  a  total  energy,  which  is  the  .  .  , 

with  the  near  cage. 
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sum  of  the  covalent  part  of  the  bonds,  the  I-Ag+  Coulomb 
attraction,  and  the  I"-I-  and  Ag+-Ag+Coulomb  repulsion. 
Supposing  that  both  the  covalent  part  and  the  screening 
of  the  electric  field  do  not  depend  on  the  distribution 
considered,  the  only  part  of  this  energy  that  depends  on 
the  configuration  is  the  Ag+-Ag+  repulsion,  depending  on 
the  mutual  distances  of  the  Ag+  distribution.  The  simplest 
form  is  to  assume  for  the  induced  polarizability  a  trace¬ 
less  tensor,  which  is  diagonal  in  any  cartesian  frame  ha¬ 
ving  the  z  axis  parallel  to  the  resulting  electric  field 
(ECot)  applied  in  the  central  1'  ion,  the  components  bei- 
ng:  (3  f*  .  J  where  0  is  a  function  of  E^ot  and, 

in  a  first  apprricimation,  6  a  E^ot.  On  the  basis  of  such 
hypotheses,  we  may  develope  the  induced  polarizability  in 
power  series  of  atomic  displacements  and  then  obtain  the 
Raman  spectrum  by  Fourier  transforming  the  correlation 
functions  of  these  derivatives  .  We  can  write: 
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Energy  in  eV  unit 
corresponding  to 
the  various  con¬ 
figurations  of  N 
Ag+  ions  in  the 
cage. 


where  u, are  the  1“  ions,  the  polarizability  derivatives  of  which  have  to  be  corre¬ 
lated,  1’  and  1"  are  Ag+  ions  in  two  cages  and  6x®^  are  a  cartesian  component  of  the 
relative  displacements.  l£ j  is  the  90°  scattered  intensity  with  incoming  radiation 
polarized  in  the  i  direction, and  the  outcoming  radiation  polarized  in  the  j  direc¬ 
tion.  The  average  (drti  /}  fa  J  has  to  be  taken  over  all  possible  distribution  of 


Ag+  ion  in  the  cages  centered  around  u,u' .  Assuming  complete  disorder  in  the  orienta¬ 
tion  of  the  polarizability  tensor,  so  to  have  only  self  correlation  functions  we  ha¬ 
ve  calculated  the  average  as  follows  (each  configuration  has  been  chosen  calculating 
repulsive  interaction  between  Ag+  ions).  Using  the  stoichiometric  distribution  (4  Ajf 
in  a  given  cage)  the  lowest  configuration  has  the  Ag+  located  in  a  tetrahedral 
sublattice  and  can  be  realized  in  6  different  ways.  This  configuration,  being  symme¬ 
tric,  does  not  give  any  anisotropic  induced  polarizability,  and  therefore  does  not 
contribute  to  the  disorder  induced  scattering.  The  next  configuration  C4  is  clearly 
asymmetric  and  can  be  realized  in  24  different  ways.  All  other  configurations  are 
much  more^distant  in  the  energy  scale  (see  Table  1).  For  the  polarizability  deriva¬ 
tives  X*  it  must  be  noticed  that  we  will  have  in  general  2  terms,  one 

related  to  the  variation  of  the  modulus  of  the  total  electric  field  inducing  the  ani¬ 
sotropic  polarizability  and  one  related  to  the  change  in  direction  of  the  induced 
tensor.  The  expressions  are  identical  to  the  two  first  terms  in  the  polarizability 
modulation  adopted  in  the  paper  of  Alben  and  Burns  ^ .  Of  course  both  term  have  the 
effective  charge  again  as  a  parameter.  While  for  the  change  in  direction  we  can  pre¬ 
sumably  use  the  same  value  adopted  in  the  repulsive  energy  calculation,  related  to 
the  Phillips  ionicity,  we  have  to  use  the  Szigeti  charge  in  calculating  the  modula¬ 
tion  of  the  electric  field  value.  This  gives  in  our  case  a  fixed  number  to  the  ratio 
of  the  two  coefficients  limiting  the  choice  of  this  polarizability  expansion.  By 
means  of  this  number  the  polarization  ratio  calculated  averaging  over  the  24  cj  con¬ 
figuration  becomes  p  *  0.68.  The  basic  idea  is  to  consider  also  cages  with  only  three 
or  five  Ag*.  Of  course,  if  a  cage  has  3  Ag+,  there  must  be  elsewhere  some  other  with 
5  in  order  to  achieve  electrical  neutrality.  If  we  calculate  the  distribution  of  3 
and  5  Ag  on  the  cage  we  obtain  that  1)  the  lowest  energy  configuration  C|  and  are 
widely  separated  from  the  C3  and  C5,  2)  the  sum  of  the  energies  of  isolated  ♦  C| 
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is  greater  than  2  x  c£,  but  not  so  such 
different.  3)  the  depolarization  ratio 
is  always  p  »  1.08  for  all  the  diffe¬ 
rent  realizations  of  the  and  con¬ 
figurations,  and  the  same  value  is  ob¬ 
tained  also  for  the  Cj  and  Cj.  4)  Being 
each  cage  not  at  the  stoichiometric  va¬ 
lue,  if  two  cages  with  distributions  C° 
and  C°  are  close  together,  there  is  an 
additional  attractive  term  which  can  be 
evaluated. 

Of  course  the  distribution  of  nea¬ 
rest  neighbour  cages  influence  one  each 
other,  so  that,  as  an  example  at  least  Fig.  2 
two  cages  out  of  eight  around  a  given 


Ci  must  be  either 


Of  course 


The  points  are  the  integrated  Raman 
intensity.  The  solid  line  is  the  be¬ 
haviour  of  n(T)  by  experimental  da¬ 
ta. 


the  idea  of  cages  out  of  the  stoichio¬ 
metric  population  does  not  contraddict 
the  charge  neutrality  principle.  Simply  it 
states  out  that  the  correlation  lenght  of 
Ag+  is  greater  than  the  edge  of  the  bcc 
I-  lattice. 

At  low  temperature  in  the  a-phase  we 
can  assume  "cage”  structure  of  the  crystal 
to  be  essentially  that  of  neighbouring  Cj 
and  C-  configuration.  The  fraction  of  C° 
and  C*  is  only  a  small  part,  and  the  par¬ 
tial  correlation  between  C3  and  C5  consti¬ 
tute  an  interconnected  path,  as  if  the  sy¬ 
stem  is  beyond  same  percolation  thereahold.  Fig.  3 
Increasing  the  temperature  the  number  of 
C4  and  C4  (in  thermal  equilibrium  with  eadi 
other)  becomes  more  and  more  important  and 

at  a  "critical"  temperature  of  430’C  the  number  of  and  cj  will  be  dominant,  so 
that  no  interconnected  paths  can  be  found.  With  this  picture  we  will  have  of  course 
a  decrease  in  the  Raman  intensity,  connected  to  increasing  number  of  C4  which  do  not 
contribute  to  the  scattering  process  and  a  progressive  decreases  of  the  polarization 
ratio  from  the  p  ^3  ^5  value  of  1.08  to  the  p  C4  value  of  0.68.  Our  model  has  as  pa¬ 
rameter  the  fraction  of  cages  C4,  rj(T)  at  every  temperature.  It  is  possible,  however, 
to  have  such  parameter  by  the  Raman  intensity  behaviour  I(T);  in  such  manner  the  va¬ 
lues  of  p(T)  are  determined  without  any  other  parameter.  Fig.  2  shows  I(T)  and  the 
corresponding  parameter  n(T),  while  Fig.  3  shows  the  experimental  p(T)  and  the  value 
obtained  with  our  model.  The  very  good  agreement  gives  us  confidence  in  the  validity 
of  the  proposed  model  and  we  shall  try  to  use  it  to  explain  other  experimental  data, 
such  as  ionic  conductivity,  specific  heat,  etc. 
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Abstract Investigations  of  phonon  propagation  and  scattering 
in  solids  use  either  coherent  microwave  phonons  or  incoherent 
phonons  in  the  form  of  heat  pulses1  generated  by  current  flow 
through  thin  metallic  films  and  bolometer  detection,  or  monochro¬ 
matic  incoherent  phonons  generated  and  detected  with  supercon¬ 
ducting  tunneling  junctions2 .  Applying  these  techniques  to  a  per¬ 
fect  single  crystal,  quantitative  measurements  require  knowledge 
on  phonon  propagation  in  anisotropic  media.  In  contrast  to  optic 
properties  the  acoustic  propagation  in  anisotropic  media  is  much 
more  complicated  by  the  large  number  of  elastic  constants.  An 
additional  complication  arises  if  the  dispersion  of  acoustic 
phonons  is  included.  Whereas  the  propagation  of  coherent  phonons 
is  simply  described  by  the  anisotropic  constant -energy  surfaces 
in  q-space,  the  propagation  of  incoherent  phonons  (generated  by 
a  point  source)  is  determined  by  the  distribution  of  group  veloc¬ 
ities.  These  distributions  were  first  calculated  by  Taylor,  Ma¬ 
ris  and  Elba um3  with  the  result  that  specific  propagation  direc¬ 
tions  and  modes  show  strong  and  sharply  peaked  intensity  maxima. 
This  phenomenon  was  called  "phonon  focussing".  In  later  work  al¬ 
so  names  as  phonon  channeling,  phonon  caustics  etc.  have  been 
used.  The  pronounced  sharpness  of  these  distributions  with  strong 
intensity  changes  within  angles  of  1  degree  raised  strong  experi¬ 
mental  and  theoretical  interest  for  a  more  complete  special  de¬ 
scription,  or  for  imaging  the  phonon  distributions.  First,  three- 
dimensional  directivity  patterns  were  obtained  by  computer  anal¬ 
ysis4.  More  recently,  direct  measurements  of  phonon  intensity 
distributions'  and,  fqr  instance,  meaeur aments  with  computer- 
aided  special  display  6  of  the  phonon  lrtAeaeity  have  led  to  im¬ 
pressive  phonon  images  on  crystal  surfaces.  Alternatively,  it  is 
also  possible  to  obtain  direct  phonon  images7,  observing  the 
thickness  increase  of  a  superfluid  4He-film  on  the  crystal  sur¬ 
face  by  the  fountain  effect  in  regions  of  high  phonon  intensity. 
In  this  lecture  the  fundamentals  of  phonon  focussing  and  phonon 
imaging  techniques  will  be  reviewed. 


1 .  Introduction . -  Phonon  transport  in  solids  by  heat  conduction  is 
well-known  as  a  quasi-equilibrium  situation  in  which  local  thermal 
equilibrium  is  established  by  Normal  and  Umklapp  processes.  The  heat 
flow  vector  is  related  to  the  temperature  gradient  by  a  second  rank 
tensor  equation,  resulting  in  isotropic  heat  conduction  for  cubic 
crystals.  At  low  temperatures  phonon  scattering  by  Normal  and  Umklapp 
processes  becomes  negligibly  small,  resulting  in  nonecul 1 lbr lum  phonon 
transport  by  ballistic -acoustic  propagation.  Stress  and  strain  in  the 
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acoustic  waves  are  related  by  a  4th  rank  tensor  which  can  be  reduced 
to  a  6  by  6  second  rank  tensor,  resulting  in  21  independent  elastic  co¬ 
efficients  for  crystals  of  lowest  symmetry.  Cubic  symmetry  requires  on¬ 
ly  three  independent  elastic  coefficients  still  with  a  strongly  aniso¬ 
tropic  angular  dependence  of  sound  velocities  for  all  three  phonon 
modes.  The  angular  dependence  of  sound  velocity  in  general  leads  to 
very  characteristic  angular  intensity  variations  and  even  singularities 
if  phonons  are  excited  incoherently  by  a  point-like  source.  This  phe¬ 
nomenon  is  called  phonon  focussing  and  is  experimentally  observed  in 
all  phonon  propagation  experiments  using  heater  /bolometer  configura¬ 
tions  for  phonon  generation  and  detection.  The  same  holds  for  phonon 
experiments  with  superconducting  tunneling  junctions  or  point-like  pho¬ 
non  generation  by  optical  excitation. 

2.  Monequilibrium  Ballistic  Phonon  Transport.-  The  first  ballistic  pho¬ 
non  pulse  experiment  was  performed  by  Nethercot  and  von  Gut f eld1 .  In 
this  experiment.  Fig.  1,  phonons  were  pulse-excited  at  one  surface  of 


Fig.  1  Heat  pulse  method. 

Topi  c-sapphire  crystal  with  phonon 
generator  and  detector. 

Bottom:  Detected  phonon  pulse  sig¬ 
nals  at  1 .2  K. 

From  right  to  left:  Electric  coup¬ 
ling  signal,  longitudinal  phonon 
signal,  transverse  phonon  signal. 
After  B.J.  von  Gutfeld  and  A.H. 
Nethercot,  Ref.  1 


a  c-cut  sapphire  by  an  evaporated  metal  heater  and  detected  by  a  super¬ 
conducting  bolometer  at  the  opposing  surface.  The  observed  signals  show 
the  expected  acoustic  times  of  flight,  however,  the  signal  amplitude 
ratio  between  transverse  (degenerate)  and  longitudinal  phonons  by  pho¬ 
non  density  of  states  arguments  should  be  much  larger  than  found  in  the 
experiment.  Similar  unexpected  results  for  signal  amplitude  ratios  are 
observed  in  phonon  pulse  experiments  with  superconducting  tunneling 
junctions2.  In  principle,  this  could  be  explained  by  mode -dependent 
phonon  scattering  or  -attenuation  during  propagation .  But  changing  the 
propagation  distance  should  influence  these  ratios.  This,  however,  was 
not  observed;  instead  the  signal  amplitude  ratios  were  found  to  be 
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strongly  dependent  on  the  propagation  direction  within  the  crystal.  The 
experimental  findings  were  properly  explained  as  "phonon  focussing"; 
i.e.  a  strong  angular  dependence  of  ballistic  phonon  intensities  caused 
by  crystal  anisotropy;  in  the  now  classical  work  of  Taylor,  Maris ;and 
Elbaum3.  Phonon  focussing  later  has  also  been  named  phonon  -  channeling, 
-  caustics,  -  catastrophe.  Phonon  focussing  can  be  explained  by  the 
nonspherical  phonon  momentum  surface  at  constant  frequency,  w(q)  ‘const, 
for  different  phonon  modes.  Pig.  2  shows  a  section  of  this  surface  for 
the  slow  transverse,  ST -mode  in  silicon.  Since  energy  propagation,  ac- 


Flq.  2  Phonon  focusing  is  shown 
to  be caused  by  many  q -states  con¬ 
tributing  to  one  group  velocity 
from  areas  of  the  slowness  surface 
w(q)  *  const,  with  small  curvature. 
Example:  100  ST-mode -cross  section 
for  cubic  crystals. 


cording  to  the  group  velocity  v^r  *  |~  is  normal  to  the  u(q)  *  const, 
surface,  it  is  evident  that  for  regions  with  zero  curvature  (Gaussian 
curvature)  a  large  number  of  q-states  contributes  to  phonons  with  the 
same  group  velocity.  Assuming  equilibrium  phonon  occupation  for  all  q- 
states,  this  results  in  high  incoherent  ballistic  phonon  intensities; 


Fig,  3  Calculated  ohonon  intensity 
surfaces  for  Ge .  After  F.  ROach  ana 
0.  Weis,  Ref.  4. 
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i.e.  "phonon  focussing"  in  the  corresponding  direction.  In  contrast, 
regions  of  strong  curvature  lead  to  phonon  "de focus s ing ■ .  The  «i(q)  * 
const,  surface  is  called  "slowness  surface”,  since  the  phase  velocity 
is  snail  for  large  phonon  momentum  q.  Based  on  the  work  of  Taylor,  Ma¬ 
ris  and  Elbaum3,  ROsch  and  Weis4  performed  computer  calculations  of 
the  directivity  pattern  of  phonon  intensities  caused  by  phonon  focusing 
for  several  crystal  systems .  One  example  is  shown  for  Ge  in  Pig .  3 ,  by 
which  the  surprisingly  high  intensities  for  different  modes  and  direc¬ 
tions  are  visualized.  Especially  for  fast  transverse  FT  -mode  s  and  slow 
transverse  ST-modes  sharp  focussing  plains  and  also  cusp  structures  are 
obtained . 

3*  Experiments  on  Directivity  Patterns  of  Ballistic  Phonon  Propagation 
and  Imaging  of  Phonon  Intensity  Distributions.-  Stimulated  by  phonon 
intensity  measurements  in  pulse  experiments  and  the  phonon  wind  influ¬ 
ence  on  the  dynamics  of  electron-hole  droplets  in  semiconductors,  re¬ 
cent  experimental  activity  for  investigating  phonon  focussing  was 
forced.  Indirect  evidence  for  phonon  focussing  was  found  in  phonon  re- 

Q 

flection  and  back-scattering  experiments  by  Marx  et  al  and  by  Taborek 
9 

and  Goodstein  .  First  direct  measurements  of  the  angular  intensity  dis¬ 
tribution  of  ballistic  phonons  propagating  in  Ge  were  performed  by 
Hensel  and  Dynes5,  as  shown  in  Fig.  4.  Phonons  were  excited  by  a  pulse 


Fig .  4  Angle  dependence  of  the  pho¬ 
non  focusing  in  the  (iTo)  plane  of  Ge 
for  LA,  FT  and  ST-modes.  Insert:  Ex¬ 
perimental  arrangement.  After.  J.C. 
Hensel  and  R.C.  Dynes,  Ref.  5. 


laser  beam,  moving  the  hot  spot  by  crystal  rotation.  Different  phonon 
nodes  were  detected  by  one  superconducting  holdamter .  The  extremely 
high  peaks  for  FT  and  ST  modes,  predicted  by  theory,  could  be  clearly 
observed.  The  technique  of  moving  the  generator  spot  avoids  the  neces¬ 
sity  for  an  array  of  detector  bolometers. 

Northrop  and  Wolfe*  were  able  to  "image”  the  angular  phonon  intensity 


distributions  in  two  dimensions  by  compute r -a i ded  visualization.  Instead 
of  crystal  rotation,  the  movement  of  the  laser  excitation  spot  was 
achieved  by  x-y  scanning  with  the  help  of  two  galvanometer  mirrors .  For 
detection,  again  one  fixed  bolometer  was  used.  Selection  of  different 
inodes  is  possible  by  delay-time-controlled  signal-sampling.  The  very 
impressing  phonon  image,  Fig.  5,  obtained  for  Ge  is  equivalent  to  a 


Fig 


1 


5  Phonon  focusing  image  for  a 
cm^”" Ge  crystal,  obtained  by  com¬ 


puter-aided  image  construction, 
using  bolometer  heat  pulse  de¬ 
tection.  Phonon  pulse  generation 
was  performed  with  a  pulsed  laser 
and  x-y  scanning  of  the  laser  focus 
on  the  crystal  surface.  After  G. 
Northrop  and  J.  Wolfe,  Ref.  6. 


fixed  phonon  excitation  point  and  a  movable  detector  or  an  array  of 
many  detectors.  This  image  is  in  full  agreement  with  calculations3, 4,5,6 
see  also  Fig.  3.  The  extremely  high  accuracy  and  angular  resolution  of 
less  than  1  degree  is  demonstrated  in  Fig.  6  for  a  larger  Ge-crystal, 


Fig .  6  High  resolution  (0.4  )  pho 


•  sqaare-MTidth  15  .  Computer 


Bright 

sqwere-wfidth  is".  Computer-aided 
image  construct ion i  After  6.  Horth¬ 
rop  and  J.P.  Wolfe,  Ref.  € 


*  -T  *  ‘  .  +  *>  »*' 

-v  -•  : 

showing  the  100  phonon  distribution  ia  detail .  tkfcthrop  and  Wolfe6  de¬ 
monstrated  these  very  coaplen  atruetures5  agalm  die  kit  im  4g*eemeftt  with 


theory. 


A  different  technique  of  visualising  angular  phonon  distributions 


makes  use  of  the  fountain  pressure  in  the  superfluid  He -film  covering 
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the  crystal  surface .  The  experimental  arrangement  is  shown  in  Fig .  7 , 


Fig .  7  Experimental  ar¬ 
rangement  for  directly 
imaging  phonon  focusing 
by  the 
in  the 

film,  covering  the  crys¬ 
tal  sample.  After  w.  Ei- 
senmenger.  Ref.  7. 


the  silicon  crystal  being  partly  immersed  in  liquid  helium  below  the 
X  point.  Phonons  are  generated  by  a  small  area  heater  at  the  crystal 
backside.  When  the  heater  is  operated,  phonons  are  propagating  along 
the  focusing  direction  and  absorbed  in  the  superfluid  film  covering  the 
upper  crystal  surface.  In  these  areas  the  temperature  is  raised  by  appr. 
10-4  K,  leading  to  an  increase  of  the  Be -film  thickness  by  the  fountain 
pressure.  This  kind  of  image  conversion  can  be  used  to  obtain  directly 
visible  phonon  distribution  patterns.  The  crystal  surface  is  intention¬ 
ally  contaminated  by  condensed  air  or  lampblack,  increasing  the  optical 
contrast  and  enhancing  the  critical  film  flow  velocity  which  sets  an 
upper  limit  for  film  thickening  by  the  fountain  pressure,  since  in  re¬ 
gions  of  increased  film  thickness  evaporated  helium  must  be  replenished 
by  superfluid  film  flow.  The  phonon  distribution  photographed  for  alii 
silicon  crystal  is  shown  in  Fig.  8,  revealing  the  threefold  symmetry 


fountain  pressure 
superfluid  4He- 


superfi  4Hs  at  15K,  Si-crystal .  hsatsr,  cryostats -wall 


Pi'q.  8  Phonon  focusing 
image  at  the  surface  of 
|a  (111) -Si-crystal .  After 
b.  Blssfteangilc,  Ref.  7. 


and  the  phonon  focusing  structures  expected  from  theory,  c.f.  Fig.  3. 
Corresponding  pictures  have  been  obtained  for  Ge  crystals  and  it  was 
also  possible  to  photograph  these  distributions  under  vertical  direc¬ 
tion.  An  easy  comparison  with  theory  is  possible  by  computer  calcula- 


1 
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tion  of  the  surface  phonon  distribution  for  the  crystals  used  by  a  Mon¬ 
te-Carlo-Method10.  The  corresponding  result  for  silicon  111  is  shown  in 
Pig.  9. 


Fig .  9  Monte-Carlo  simulation  of 
the  phonon  focusing  image  in  Fig.  9. 
After  D.  Marx,  Ref.  10. 


4.  Conclusions.-  Phonon  imaging  demonstrates  the  strongly  anisotropic 
angular  distributions  of  phonon  intensities  in  nonequilibrium  ballistic 
propagation,  well  in  accord  with  theory  and  based  on  classical  elastic 
theory  now  elaborated  in  detail  by  computer  calculations.  These  find¬ 
ings  are  very  important  for  absolute  phonon  intensity  and  propagation 
measurements  which  are  evidently  strongly  influenced  by  phonon  focusing 
in  all  crystals  even  in  those  which  show  little  deviation  from  a  spheri¬ 
cal  slowness  surface,  such  as  e.g.  sapphire.  The  same  applies  to  quanti¬ 
tative  phonon  reflection  and  scattering  experiments  and  studies  as  to 
how  phonon  focusing  images  change  under  the  influence  of  frequency  dis¬ 
persion11  at  high  frequencies.  Phonon  imaging  may  also  be  applied  for 
investigations  of  impurity,  isotope  and  on  general  imperfection  scat¬ 
tering,  leading  to  smeared-out  images.  Therefore,  phonon  imaging  ap¬ 
pears  as  an  important  experimental  tool  in  nonequilibrium  ballistic 
phonon  physics. 
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FOCUSING  OF  DISPERSIVE  PHONONS  IN  Ge 

G.A.  Northrop,  W.  Dietsche,  A.D.  Zdetsis  and  J.P.  Wolfe 

Physics  Department  and  Materials  Research  Laboratory,  University  of  Illinois, 
Urbcma,  IL.  61801,  U.S.A. 


Abstract,. -Singularities  in  the  phonon  flux  are  observed  and  calculated  for 
dispersive  phonons  in  Ge. 


The  intensity  of  ballistic  heat  pulse  propagation  is  highly  anisotropic  for 

most  crystals,  an  effect  known  as  phonon-focusing.  Phonon  focusing  has  been 

studied  in  many  materials,  both  with  fixed  source  and  detector,  and  more  recently 

1  2 

with  lasers  as  movable  heat-pulse  sources.  ’  A  quantitative  explanation 

3 

originally  offered  by  Maris  was  based  on  calculating  an  enhancement  factor, 

A  ■  (dii^/dP^I ,  the  ratio  of  k-space  to  V-space  solid  angles.  This  factor  describes 
how  the  phonon  flux  is  increased  or  decreased  over  the  isotropic  case.  The  locus 
of  points  dfty  ■  0  forms  lines  that  mark  directions  of  peak  phonon  flux. 

These  singularity  lines  have  been  observed  by  scanning  a  pulsed  laser  as  a 
heat  source  over  one  surface  of  a  crystal  and  recording,  as  a  continuous  function 

of  propagation  direction,  the  heat  pulse  intensity  received  by  a  fixed  detector  on 
2 

the  opposite  face.  This  technique,  known  as  ballistic  phonon  imaging,  was  used  to 
produce  the  picture  in  Fig.  la  for  Ge.  Here,  X-Y  position  on  the  sample  face 
corresponds  to  a  range  of  propagation  directions,  and  brightness  is  proportional  to 
phonon  intensity.  The  bright  lines  bounding  light  areas  are  singularity  lines,  in 
good  agreement  with  the  theoretically  predicted  singularity  lines  in  Fig.  2. 


Flg.l:  A1  detector  (low-v)  phonon  image.  Pb-O-Pb  detector  (high-v)  phonon  image. 
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In  this  paper  we  extend  these  experimental  and  theoretical  results  to 

Include  the  effects  of  velocity  dispersion  which  occur  at  higher  phonon 

frequencies.  To  observe  the  effects  of  dispersion  on  the  singularity  directions  in 

2 

Ge,  two  modifications  have  been  made  to  our  phonon  imaging  technique:  1)  A  thin 
sample  (O.S  mm)  and  greater  time  resolution  (60  ns)  are  used  to  offset  the  smaller 
mean-free-path  of  larger-k  phonons.  2)  A  tunnel- junction  (Pb-O-Pb)  detector  is  used 
to  detect  phonons  with  v  >  700  GHz.  An  A1  bolometer  is  used  for  detection  of  low-v 
phonons . 

Comparison  of  the  two  images  for  these  two  detectors.  Fig.  la  and  Fig.  lb, 
reveals  three  major  differences:  1)  The  wedge  shaped  ridges  (FTA  mode)  extending 
horizontally  and  vertically  from  thw  .wo  diamond  shapes  are  wider  in  the  high 
frequency  image  than  in  the  low  frequency  4«iage.  2)  The  two  diamond  structures 
(STA  mode)  about  the  <100>  directions  in  the  low  frequency  image  are  noticeably 
rounded  at  higher  frequencies.  3)  The  sharp,  three-fold  symmetric  pattern  (STA 
mode)  to  the  left  and  right  of  center  in  Fig.  la  has  disappeared  in  Fig.  lb. 


In  the  non-disperslve  phonon-focusing  theory  an  area  (solid  angle)  in 
{-space  transformed  or  mapped  into  an  area  (solid  angle)  in  {-space.  This  was 
Independent  on  |{| ,  and  |{|  was  fixed  for  each  direction  of  {.  In  the  dispersive 
came  these  restrict lama  are  removed  aad  a  more  general  formulation  is  required. 
Thus  we  define  the  dispersive  enhancement  factor  A^  »|d^t/d^| .  This  Is  the  ratio 
of  an  Infinitesimal  volume  la  {-specs  to  Its  corresponding  volume  In  {-space.  By 
analogy  to  the  non-dlapai  sdhs  Case  singularities  mill  occur  when  d3*  , -  0,  end,  due 
to  the  Increased  whop  af  dimensions,  the  locus  of  singularities  will  Me  Cuff  aces 
In  {■epaee  end  {-apace.  In  our  Super  inant*  me  Study  these  surfaces  by  sectioning 
than  at  a  fixed  frequency.  '* 

The  computation  of  Aj  is  Based  upon  a  modal*  of  the  full  Brillola-SoMe 
phonon  band  structure  for  Ge.  This  extended  Bora-Voo  Karmen  schema  parameterizes 
the  lattice  dynamics  with  tt  feres  constants  rep  ITS  seating 'up  to  f  ifthasstSst 
neighbor  Interactions.  With  these  constants  adjusted' to  fit  lnelaatic  'nautroh 
spectra  the  model  provides  <■>({)  for  all  modes  and  any  value  of  {. 
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Since  V(7)  «  V^u(k) ,  and  Is  the  Jacobian  of  this  function,  A^  includes 
second  derivatives  of  w(k) ,  and  Is  here  determined  by  finite  difference  methods.  A 
two  dimensional  root-finding  routine  then  finds  lines  for  which  u  •  constant  and 
A^  »  0.  These  lines  are  projected  in  7-space  into  the  experimental  geometry. 
These  calculations  have  been  done  for  both  transverse  modes  for  frequencies  between 
700  and  1600  GHz.  The  results  for  two  frequencies  are  shown  in  Figs.  3  and  A. 

The  broadening  of  the  FTA  ridge  singularities  with  increasing  frequency  can 
be  seen  in  Fig.  3.  The  experimental  Pb-0-Pb  data  agrees  well  with  the  prediction 
for  v  *  800  GHz.  The  change  of  the  STA  singularity  pattern  Is  more  complex,  as 
shown  in  Fig.  4a.  Note  the  rounding  of  the  corners  of  the  diamond  structure  as 
observed  in  Fig.  lb.  The  three-fold  pattern  about  the  <111>  direction  in  Fig.  4a 
has  changed  little,  thus  Its  absence  from  Fig.  lb  must  be  due  to  reasons  other  than 
phonon-focusing.  Pig.  4b  is  the  7-space  (STA)  pattern  expected  at  1500  GHz. 

In  sunnary,  we  have  observed  shifts  due  to  dispersion  in  the  phonon- 
focusing  singularity  patterns  in  Ge.  These  shifts  sgree  with  predictions 
obtained  from  a  model  of  the  full  lattice  dynamics  in  Ge. 

This  work  was  support sd  by  the  National  Science  Foundation  under  Grant 
DMR-8O-20250. 
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SINGULAR  EFFECTS  IN  PHONON  FOCUSING  1  FORMATION  OF  PHONON  FOCUSING 
CAUSTICS 

J.C.  Hensel,  R.C.  Dynes,  F.C.  Unterwald  and  A.L.  Simons 
Bell  Laboratories,  Murray  Bill,  Hew  Jersey  07974,  V.S.A. 


Abstract  -  We  have  conducted  a  comprehensive  Investigation  into  singular 
effects  in  phonon  focusing.  Measured  focusing  angular  distributions  and 
networks  of  caustics  are  in  excellent  agreement  with  theory. 


Phonon  focusing  is  the  tendency  of  the  flux  of  phonons  emanating  from  a  local¬ 
ized  source  to  concentrate,  owing  to  elastic  anisotropy,  along  certain  directions  in 

a  crystal.  This  phenomenon  has  been  recognized  for  some  tine.*  Only  recently,  how- 
2 

ever,  we  found  that  there  are  certain  cases  where  the  phonon  Intensity  becomes 
extremely  Intense,  almost  singular  in  nature.  This  paper  gives  a  brief  account  of 
these  investigations. 

The  origin  of  focusing  can  be  visualized  by  referring  to  the  slowness  surface 
u(q)  -  id  [o> (q)  and  q  being,  respectively,  the  frequency  and  wavevector  of  the 
phonon]  shown  in  Fig.  1.  The  highly  convoluted  shape  is  responsible  for  a  plethora 
of  focusing  structure.  The  directionality  of  the  phonon  flux  is  defined  by  the 
group  velocity  v^  -  V^w(q) ,  a  vector  normal  to  the  surface.  This  fact  Implies  that 
focusing  can  be  identified  with  a  certain  geo-' 
metry  property  of  the  surface,  namely  the 
Gaussian  curvature  K,  the  product  iCjKj  of  the 
two  principal  curvatures  of  the  surface.  The 
relationship  la  A  1  ■  qSc/cosS ,  where  A  Is  the 
focusing  enhancement  factor  and  6  Is  the  angle 
between  q  and  v^.  A  becomes  large  where  curva¬ 
ture  Is  small.  Indeed,  when  K  »  0,  as  Indica¬ 
ted  In  Fig.  1  by  heavy  solid  curves  called 
critical  lines,  there  occur  singularities  in 
focusing. 

The  experiments  consisted  of  angular  Fig.  1.  12  slowness  surface, 

scans  with  the  geometries  shown  in  Fig.  2.  A 

small  ballistic  phonon  source  O'*  SO  pm  dlam.  laser  spot)  and  small  detector  (80 
2 

x  80  pm  bolometer)  yielded  an  angular  resolution  of  'v  25  minutes  of  arc. 

An  angular  distribution  of  phonon  Intensity  in  the  (110)  plane  of  Ge,  obtained 
with  the  setup  In  Fig.  2a,  is  shown  in  Fig.  3.  Its  most  prominent  features  are 
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Fig.  2.  Experimental 
geometry. 


strong,  sharply  defined  beams  of  focused  phonons  cen¬ 
tered  on  the  [lOOl,  [ml.  and  [llO]  axes.  This  drama¬ 
tic  structure  is  typical  of  transverse  phonons;  for 
longitudinal  phonons  whose  slowness  surface  is  more 
nearly  spherical  the  behavior  is  relatively  gentle  (eee, 
e.g..  Fig.  4).  These  beams  manifest  a  fine  structure 
seen  as  spikes,  which  derive  from  critical  points 
(where  K  «  0)  on  the  slowness  surface. 

A  calculation  of  the  focusing  in  the  (llO)  plane 
of  Ge  is  given  in  Fig.  4.  (The  units  scale  directly 
with  the  data  in  Fig.  3.)  Effects  of  detector  geometry 
are  included  in  the  calculation;  the  solid  curves  are 

for  the  present  geometry,  whereas  the  dotted  curves 

2 

represent  a  larger  bolometer  used  in  earlier  work. 

One  sees  excellent  agreement  between  calculation  and 
data. 


Further  Insight  into  the  nature  of  focusing  is  provided  by  the  caustics,  2- 


dimenslonal  plots  of  the  loci  of  the  focusing  peaks.  A  remarkable  example  is  the 

3 

(100)  pattern  in  Fig.  5  obtained  with  the  scanning  scheme  in  Fig.  2b.  One  sees  an 
intricate  pattern  exhibiting  overall  the  4-fold  symmetry  of  the  £l00]  axis.  Both 


possible  topological  classes  of  phonon  caustics  are  exemplified  in  Fig.  5.  The 
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Fig.  5.  (100)  caustics:  experimental.  Fig*  6.  (100)  caustics:  theory. 

curves  are  fold  caustics;  but  careful  examination  also  reveals  8  cusps,  2  at  each 
corner  of  the  inner  square. 

The  caustics  are  generated  by  mapping  the  critical  lines  in  Fig.  1  onto  the 
plane  of  observation  via  the  vector  v  .  Results  for  the  (100)  plane  are  shown  in 
Fig.  6  replicating  the  experimental  data  in  Fig.  5.  The  cusps  occur  whenever  the 
eigenvector  corresponding  to  the  nonvanishing  principal  curvature  ^  on  a  critical 
line  rotates  and  becomes  tangential  to  the  critical  line.  Points  satisfying  this 
criterion  are  marked  by  small  circles  in  Fig.  1  which  map  precisely  onto  the  tips 
of  the  cusps  (small  circles)  in  Fig.  6. 

To  summarize,  we  have  carried  out  a  comprehensive  study  of  phonon  focusing 
which  reveals  sharp  singularities  arranged  in  characteristic  configurations  called 
caustics.  Theory  matches  the  data  very  closely  with  no  more  input  than  the  known 
elastic  constants. 

It  is  a  pleasure  to  acknowledge  numerous  valuable  conversations  with  M.  Lax. 

REFERENCES 

1.  B.  Taylor,  H.  J.  Marls,  and  C.  Elbaum,  Phys.  Rev.  B3,  1462  (1971). 

2.  J.  C.  Henael  and  R.  C.  Dynes  in  Physics  of  Semiconductors  1978  (Institute  of 
Physics,  Bristol,  1979),  p.  371  and  Phys.  Rev.  Lett.  43,  1033  (1979). 

3.  Photographic  methods  for  recording  caustics  are  described  by  U.  Elsenmenger  in 
Phonon  Scattering  in  Condensed  Matter.  H.  J.  Maris,  ed.  (Plenum,  New  York, 
1979),  p.  30 -Tend  J.  P.  Wolfe,  et  alj.,  ibid,  p.  377. 


JOURNAL  DE  PHYSIQUE 

Collogue  C6 ,  supplement  au  n°12.  Tome  42,  dSoembre  1981 


page  Cb-215 


PHONON  FOCUSING  AND  THE  SHAPE  OF  THE  RAY  SURFACE  IN  CUBIC  CRYSTALS 

A.G.  Every 

Department  of  Physios,  University  of  the  Witwatersrand,  Johannesburg,  South 
Africa 

Abstract. 

A  systematic  study  has  been  carried  out  on  the  dependence  of  the  phonon  ray 
surface  of  cubic  crystals  on  elastic  constants.  The  correspondence  between 
folds  in  this  surface  and  the  presence  of  caustics  in  the  flux  of  phonons 
emanating  from  a  localised  heat  source  is  explored.  The  line,  cusp, 
butterfly  and  hyperbolic  umbilic  elementary  catastrophes  as  well  as  some 
remarkable  types  of  structural  instability  are  shown  to  occur  in  these 
caustics.  A  method  is  demonstrated  for  portraying  the  ray  surface  which 
provides  an  immediate  indication  of  the  number  of  separate  components  a 
ballistic  heat  pulse  will  split  up  into  on  propagating  in  various 
directions,  and  what  the  relative  intensities  and  the  spacings  of  these 
components  will  be. 

1.  Introduction.-  In  the  long  wavelength  limit  continuum  elasticity  theory  can  be 
used  for  calculating  acoustic  phonon  phase  and  group  velocities  /I, 2/.  The  infor¬ 
mation  thus  gained  is  conveniently  displayed  in  the  form  of  velocity  (v) ,  slowness 
(S)  and  ray  (V)  surfaces  / 3/ .  The  ray  surface  is  of  central  importance  in  phonon 
imaging  /A-6/,  in  that  it  maps  out  the  profile  of  a  ballistic  heat  pulse  one  unit  of 
time  after  it  has  emanated  from  a  point  source  at  the  origin.  This  surface  is 
commonly  studied  in  conjunction  with  S.  The  two  are  polar  reciprocals  of  each 
other  and  the  ray  vector  for  a  phonon  is  normal  to  S.  Moreover,  phonon  flux  is 
inversely  proportioned  to  the  curvature  of  S  /  7  /.  Contours  of  aero  Gaussian 
curvature  (parabolic  lines)  in  S  give  rise  to  folds  in  V  and  divergent  phonon  flux. 
At  conical  points  the  curvature  of  S  is  infinite.  Such  points  map  onto  circles  in 
V  at  which  the  two  transverse  sheets  join  up  smoothly  and  the  phonon  intensity  is 
sero.  The  folds  in  V  form  complex  patterns  which  are  a  function  of  the  crystalline 
anisotropy. 

2.  Cubic  crystals.-  The  folding  pattern  here  it  determined  by  the  elastic  constant 
ratios  a  ■  Cii/Ct*  and  b  -  Cu/C**.  For  stability  a  crystal  has  to  lie  in  the 
wedge  shaped  area  between  the  lines  a  “  -2b  and  a  ■  b  in  the  (a,b)  plane.  This 
area  may  be  subdivided  into  a  limited  number  of  regions  in  each  of  which  V  possess¬ 
es  certain  distinct  topological  features.  For  instance,  between  the  lines  b  *  1 
and  6(a-be1)*(be1)-3(a-b-2)l(b«T)-(a-b*1)(a-b-2)(Sa'M3b+5)  “  0,  the  folding  patt¬ 
ern  shown  in  fig.  fb  holds  for  the  slow  transverse  (Ti)  sheet  of  V.  Fig.  la  shows 
the  location  of  parabolic  limes  on  S  that  amp  onto  these  folds.  These  lines  sep- 
erete  regions  of  S  which  are  convex  (both  principal  curvature  positive),  saddle 
shaped  (one  curvature  negative)  mad  concave  (both  curvatures  negative). 
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Pig.  I;  Correspondence  between  (a)  parabolic  lines  in  S  and  (b)  folds  in  V  for 
slow  transverse  (Ti)  phonons.  The  diagrams  are  limited  to  the  vicinity  of  the 
irreducible  sector  of  the  unit  sphere  lying  within  the  [OOl],  [lOl]  and  [til] 
directions. 

Pig. 2:  Phonon  enhancement  map  for  T1 
phonons  in  CsCf.  The  points  represent 
group  velocity  directions  for  a  uniform 
distribution  of  wave  normals  on 
average  0.5*  apart. 


It  is  noteworthy  that  the  parabolic  lines  which  meet  at  the  conical  point  are  res¬ 
ponsible  for  part  of  a  fold  edge  which  weaves  back  and  forth  between  the  Tj  and  fast 
transverse  Tj  sheets  of  V,  meeting  the  conical  circle  tangentially  where  it  makes 
the  crossing.  The  integrated  intensity  across  the  caustic  diminishes  as  the  caus¬ 
tic  approaches  the  conical  circle,  as  can  be  seen  in  fig.  2. 

The  symbol  J  is  used  to  indicate  the  direction  of  the  vanishing  principal  curva¬ 
ture.  Where  this  is  parallel  to  the  parabolic  line  a  cusp  appears  in  the  folding 
line  of  V  /$/, except  at  conical  points  where  the  aforementioned  effect  takes  place. 
For  certain  values  of  the  elastic  constants  8  fold  lines  in  the  Ti  sheet  of  Y 
converge  to  a  point  in  the  <100>  directions.  This  represents  a  structurally  unst¬ 
able  situation  which  results  from  the  degeneracy  of  the  Ti  and  Tj  nodes  in  these 
directions.  On  varying  the  elastic  constants  soms  of  the  higher  eleamntary  cat¬ 
astrophes  are  exhibited.  A  configuration  of  3  cusps  which  coalesce  into  a  single 
one  in  conformity  with  the  butterfly  catastrophe  can  be  observed  in  the  cube  planes 
near  the  <t00>  directions.  The  cusp  then  makes  contact  with  a  neighbouring  fold 
line  to  give  rise  to  the  hyperbolic  umbilic  catastrophe. 

Fig.  3  shews  the  pattern  of  fold  limes  in  V  that  obtains  for  the  Ti  sheet  whan  tbs 
anisotropy  lies  between  the  two  limes  aa+(a-t)(b+t)-2(b+i)2-i  -  0,  and 

(a~t)(e+b)+(«-b-2)(b+1)*  •  0. 
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Fig. 3:  A  folding  pattern  for  the  T.  sheet 
of  V. 


Fig.  4;  A  polar  section  of  the  full  ray  surface  of  Ge  for  d  ”  45°.  The  mode 
points  denote  ray  vectors  which  lie  within  0.5*  of  this  plane. 


Fig.  4  shows  a  ■  45*  polar  section  of  the  full  ray  surface  of  Ce,  a  crystal  which 
satisfies  the  above  criterion.  Sectioned  fold  edges  appear  as  cusps  in  this  dia¬ 
gram,  and  arrows  indicate  the  position  of  the  conical  circle.  Diagrams  of  this 
type,  by  the  location  and  density  of  mode  points,  give  an  imediate  indication  of 
how  a  ballistic  heat  pulse  can  be  expected  to  split  up  into  components  for  propag¬ 
ation  in  various  directions. 
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TRANSPORT  OF  HIGH  ENERGY  PHONONS 


V.  Naray&namurti 

Bell  Laboratories ,  Murray  Bill,  Dew  Jersey  07974,  U.S.A. 


Abstract.-  A  brief  review  of  high  frequency  phonon  transport  experiments  in 
dielectric  solids  is  presented.  A  major  emphasis  of  this  paper  is  on  recent 
time  of  flight  experiments  on  the  generation  and  propagation  of  near  zone-edge 
transverse  acoustic  phonon  pulses  in  III-V  semiconductors  such  as  GaAs.  the 
theoretical  status  of  lifetimes  of  high  frequency  phonons  is  also  discussed. 


Introduction. -  In  recent  years  several  experimental  methods  have  been  applied  to 
study  the  transport  of  phonons  in  the  thermal  frequency  range.  Among  methods 
which  have  been  used  Include:  broad  hand  heat  pulse7  methods'  quasimono chromatic 
phonon  generation  and  detection  using  superconducting  tunnel  junctions2;  far  infra 
red  laser  excitation  of  piezoelectric  materials3;  resonant  detection  using  electronic 
energy  states  of  defects*  in  crystals  which  can  in  some  cases  be  tuned  by  magnetic 
field*  or  unlaxail  stress6;  and  phonon  generation  during  hot  carrier  relaxation  and 
recombination  in  semiconductors7. 

The  heat  pulse  and  tunnel  junction  methods  and  results  obtained  from  them  have 
been  extensively  reviewed  in  the  past1’  .  In  this  paper  we  will  concentrate  mainly 
on  energy  transport  by  very  high  frequency  phonons  (near  or  above  1  THz)  as  studied 
by  optical  techniques  using  electronic  states  (AI2O3:  Cr  or  SrF2*  E$+)  as  probes 
or  phonon  generation  during  carrier  relaxation  in  semiconductors . 


8  4 

Phonon  Spectroscopy  In  Ruby.-  Extensive  work  ’  has  been  done  on  phonon  transport 
using  monochromatic  detection  of  29  cm”l  (0.87  THz)  phonons  in  ruby.  The  frequency 
of  0.87  THz  corresponds  to  the  £  -*•  2A  splitting  of  the  Cr3*-  ion  in  ruby.  Broad  band 
optical  pumping  causes  the  well-known 
*1  and  R?  fluorescence  radiation  to  be 
msltted  (see  Figure  1).  Phonons 
generated  by  external  means  can  cause 
an  increase  in  the  2X  population  which 
In  turn  can  be  monitored  through  the 
intensity  of  the  12  Tine.  This 
technique  has  been  extensively8  used  to 
study  the  spectrum  of  heat  pulse  phonons; 
the  resonant  trapping  of  29  cm-1-  phonons; 
and  the  spectrum  of  optically  excited 
phonons.  Using  resonant  light  punping 
stimulated  emission^  of  29  cm-1  phonons 

has  also  been  observed .  , _ _  ,  _  . 

Fit.  1  -  Energy  levels  of  Ruby  and 

™  experimental  arrangement . 


•vM 

*»*«• 


Phonon  ftstoctien  Osina  Vibronlc  htdebaada.-  The  technique  of  vibronic  sideband 
spectroscopy  utilises the  modulation  of  the  electronic  states  of  Ions  in  crystals 
by  phonons.  Figure  2  shows  the  effect  on  the  electronic  energy  doe  to  the  lattice 
coupling  as  a  function  of  the  lattice  coordinate,  Q.  Since  optical  transitions 
occur  at  constant  Q  a  large  stokes  shift  can  take  place  in  the  lunineseeace  aptctnm 
Depending  on  the  coupling  strength  and  the  tanperatufe  the  amission  spectrum  can 
consist  of  a  'aero  phonon*  Una  plus  "stokes"  and  "sntl-stokss"  sidebands,  the 
intensity  of  the  antl-atokes  sideband  can  be  used  for  phonon  detection.  Consider¬ 
able  work  on  phonon  transport  has  been  done  along  these  lines  using  the  R3  center  In 
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diamond^,  the  1^  line^  in  CdS  and  E^+  lons^  in  SrF^. 


A  survey  of  the  results  on  the  lifetime  of  high  frequency  phonons  determined 
by  these  optical  techniques  has  been  recently  given  by  Bronl^.  in  almost  all  cases 
the  lifetimes  determined  by  these  optical  techniques  are  an  average  over  all  modes 
and  direction.  This  is  because  of  elastic  scattering  at  the  impurities  which  causes 
rapid  mode  conversion  between  the  longitudinal  (L)  and  transverse  (T)  phonons. 
Because  of  the  expected'  long  lifetime  of  T  phonons  the  enharmonic  decay  is  dominated 
by  that  of  the  decay  rate  of  L  phonons.  The  measured  values  are  generally  much 
longer  than  that  calculated  for  an  Ideal  dispersionless  solid.  We  will  return  to 
this  point  later.  He,  however,  will  first  discuss  the  propagation  of  very  large 
wave  vector  T  phonons  In  GaAs  and  then,  turn  to  the  theoretical  situation. 


Phonon  Transport  In  Semiconductors.-  We  now  discuss  the  role  of  phonons  in  nonradia- 
tlve  energy  relaxation  «ad  recombination  processes  In  semiconductors.  Electrons 
excited  high  Into  the  conduction  band  lose  their  energy  to  the  lattice  In  a  two 
step  process.  See  Pigure  3.  The  electrons  first  "cool"  to  the  bottom  of  the  band 
by  emitting  relaxation  phonons  which  are  primarily  longitudinal  optic  (LO)  phonons 


In  the  case  of  polar  seadconductors  such  as 
|  nemo*' 


/X 


Pig.  3  -  Energy  Relaxation  In 

Semiconductors .  a 


GaAs  and  for  excitation  energies  several 
meV  above  the  conduction  band  minimum. 
Carriers  at  the  bottom  of  the  band  can 
loae  their  energy  through  recombina¬ 
tion  processes  at  defect  states  In 
the  semiconductor.  In  the  case  of 
deep  defects  the  recombination  will 
Involve  a  large  number  of  phonons  in 
order  to  satisfy  energy  conservation. 
Such  multiphonon  capture  Is  believed 
to  involve  mainly  LO  phonons  and/or 
near  sons- edge  transverse  phonons  In 
certain  specialised  cases. 


Pigure  4  shows  some  results  on  m 
phonon  generation?  after  photoexcita-  w 
tlon  In  GaAs.  A  tunable,  pulsed  dye  - 
laser  capable  of  operating  at  wave-  i 

lengths  above  the  band  gap  of  GaAs  o 

was  used  for  the  photoexcitation . 

The  phonon  detector  was  a  Pb-oxide- 
Pb  superconducting  funnel  junction 
with  a  threshold  in  frequency  of 
about  0.7  TBs.  Xm  meat  directions  of 
propagation,  which  could  ha  varied  in 
situ  In  the  experiment,  besides  the 


i 


Pift.  4  -  Phonon  Generation  In  GaAs 
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5  -  Phonon 


Curves 
in  GaAs. 


direct  optical  luminescent  pickup  at  t  ■  0  a  single  broad  transverse  pulse  was 
observed.  The  arrival  time  of  the  leading  edge,  half  height  and  peak  of  the  pulse 
was  shown  to  scale  linearly  with  the  propagation  distance  for  distances  of  the  order 
of  ma.  Detailed  studies  of  the  shape  of  the  pulse  showed  that  it  could  be  described 
as  consisting  of  ballistic  propagation  of  phonons  but  with  a  considerable  spread  in 
velocity.  The  velocity  corresponding  to  the  peak  of  the  pulse  was  for  example 
0.7x105  cm/sec  for  the  [111]  direction  of  propagation.  The  low  frequency  ballis¬ 
tic  velocity  in  this  direction  is,  however,  2.8*105  cm/sec. 

These  data  can  be  interpreted  from  a  knowledge  of  the  phonon  dispersion  curves. 
For  GaAs  such  a  curve  is  shown  in  Figure  5.  Optically  excited  e-h  pairs  lose  a 
substantial  portion  of  their  energy  by  the  emission  of  LO  phonons.  These  phonons 
in  turn  quickly  decay  (in  times  of  the  order  of  10“  H  sec)  into  lower  lying  LA  and 
TA  branches.  Because  the  decay  processes  require  the  simultaneous  conservation  of 
energy  and  momentum  most  of  the  energy  ends  up  in  the  lowest  TA  branch.  These 
ultrashort  wavelength  phonons  (wavelength  ^  10  Angstroms)  correspond  to  phonons 

m  j  well  out  into  the  Brillouln  eone  of 

m  u  m  the  crystal  and  have  a  group  velocity 

—  1  — —  much  less  than  the  low  frequency 

(  .  ultrasonic  velocity.  The  cross-hatch- 

ed  area  shows  the  regime  of  Bupercon- 
*"*  Summon  *®  ducting  tunnel  Junction  phonon 

S.-  ^  u.  _.  c  spectroscopy. 

£  /  5  Phonon  These  experiments  show  that 

2  .  /  Dlspers  on  nonradiative  recombination  in  Beml- 

■  /  conductors  occurs  through  large  wave 

!4  ‘  /  n  a*  vector  phonons,  some  of  whom  are  able 

/ _ _  to  propagate  macroscopic  distances 

/  SStSSS  m)  through  the  semiconductor.  The 

«  .  /  m  properties  of  such  ultrashort  wave- 

/ length  phonons  are  quite  different 

_  1M  from  that  of  low  frequency  ones  which 

t  correspond  to  continuum  elasticity 

0  u  m  u  «  u  theory.  Because  of  the  great  deal  of 

MnmMmnhmi  dispersion  in  phonon  velocity  at 

short  wavelengths  and  the  observed  long  mean  free  path,  time  resolved  spectroscopy 
has  been  used  to  velocity  select  phonons^  of  different  wavelengths.  This  velocity 
selection  is  achieved  by  scanning  the  photoexcited  region  along  the  direction  of 
phonon  propagation  at  various  velocities  corresponding  to  different  dispersive 
points  on  the  phonon  branch.  See  Figure  6.  This  figure  shows  typical  pulses  for 

three  different  scanning  velocities. 
The  peak  of  the  pulse  now  corresponds 
to  a  wall  defined  wavelength  which  can 
be  conveniently  tuned  by  simply 
^  altering  the  laser  scanning  speed. 

*mmT  Such  a  tunable  phonon  source  is  of 
M  great  potential  use  for  physical 
studies  of  solids  and  for  phonon 
optics . 


_6  -  Velocity  Selection  of 
Large  Wave  Vector 
Phonons  in  GaAs. 
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Theoretical  Considerations.-  In  perfect  dielectric  crystals  the  lifetime  for  enhar¬ 
monic  decay  is  determined  by  energy-momentum  conservation  conditions1^.  These 
considerations1-”  show  that  for  both  normal  (N)  and  Umklapp  (U)  processes  the  lowest 
transverse  acoustic  branch  cannot  spontaneously  decay  by  anharmonlc  processes  for 
any  order.  The  phase  space  for  decay  for  higher  branches  in  crystals  with  anisotropy 
and  dispersion  has  to  be  calculated  from  the  2-phonon  density  of  states  for  the 
particular  solid  in  question.  Barring  extreme  anisotropy  in  most  solids  this  phase 
space,  for  even  the  higher  transverse  branches,  is  expected  to  be  small.  Thus  the 
main  decay  .hannel  is  expected  to  be  the  spontaneous  decay  of  L  phonons. 

The  moment ua  randomization  of  the  transverse  phonons  will  in  ordinary  crystals 
be  affected  by  isotope  and/or  impurity  scattering.  Even  the  isotope  scattering  has 
to  be  calculated1^,  17  with  care  for  diatomic  crystals  such  as  GaAs  which  have  one 
cleaent  (As)  lsotopically  pure.  The  isotope  scattering  is  now  strongly  dependent 
on  the  amplitude  (U)  of  vibration  of  the  impure  element  (Ga)  which  in  turn  strongly 
depends  on  wavelength.  This  scattering  goes  as  | Uca I ^  times  a  weighted  density  of 
final  states  which  also  depends  on  the  Ga  amplitude.  Numerical  computations1'  using 
the  real  vibrational  spectrum  of  GaAs  indicate  that  this  product  can  be  considerably 
smaller  than  that  calculated  from  the  usual  Klemen's  formula  valid  for  the  monoatomic 
case. 

The  above  theoretical  considerations  combined  with  the  experimental  results 
strongly  suggest  that  in  many  crystals  energy  transport  can  occur  via  extremely  short 
wavelength  phonons  whose  energy  relaxation  time  can,  in  favorable  cases,  be  micro¬ 
seconds  long.  Thus  "broad  diffusive"  pulses  often  observed  in  heat  pulse  type 
experiments  may  consist  mainly  of  high  frequency  components  which  can  play  an  impor¬ 
tant  role  in  energy  transport.  These  high  frequency  phonons,  then,  will  only  down 
convert  in  frequency  at  imperfect  Interfaces  (surfaces)  or  through  decay  of  L  modes 
generated  through  impurity  scattering. 

Future  Directions.-  It  is  clear  that  much  has  been  learned  about  the  lifetimes  and 
energy  transport  by  high  frequency  phonons  In  several  dielectric  solids  and  semi¬ 
conductors.  Much,  however,  still  needs  to  be  done  on  both  the  experimental  and 
theoretical  sides  of  the  problems  of  anharmonlc  decay,  impurity  scattering  and  the 
role  of  surfaces  and  Interfaces.  In  site  exploration  of  phonon  transport  by 
generally  applicable  scattering  techniques  would  be  of  great  value.  Non  equilibrium 
phonon  populations  can  in  principle  be  probed  by  enhanced  thermal  diffuse  scattering 
of  X-rays.  Preliminary  experiments111  in  GaAs,  reveal  that  optically  excited  phonons 
near  the  zone-boundary  indeed  have  a  long  lifetime  when  measured  by  this  technique 
and  that  their  decay  is  enhanced  by  Imperfect  surfaces.  This  technique  is  capable 
of  probing  the  temporal,  spatial  and  frequency  characteristics  of  non-equilibrium 
phonon  populations.  With  the  expected  availability  of  powerful  synchotron  sources 
this  should  become  an  extremely  useful  tool  for  phonon  transport  studies  in  solids. 
Tunable  far  IR  lasers  can  also  be  valuable  in  probing  specific  decay  channels  for 
high  frequency  phonons.  Such  experiments  have  only  recently111  been  attempted. 

Further  effort  also  needs  to  be  expended  in  proper  numerical  calculations  of  phonon 
decay  processes  (anharmonlc  and  Isotope)  taking  into  account  the  real  vibrational 
spectrum  of  the  solid. 
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BALLISTIC  TRANSPORT  AND  DECAY  OF  NEAR  ZONE-EDGE  NON-THERMAL  PHONONS  IN 
SEMICONDUCTORS 

R.G.  Ulbrich*,  V.  Narayanamurti  and  M.A.  Chin 

Bell  Laboratories,  Murray  Hill,  Hew  Jersey  07974,  V.S.A. 

Abstract.-  We  present  results  on  the  energy  transport  by  near  zone-edge 
transverse  phonon  pulses  generated  in  the  process  of  non-radlatlve  electron- 
hole  pair  recombination  at  T“ 1.4  K  in  GaAs  and  InP.  Depending  on  orienta¬ 
tion  and  distance,  ballistic  transport  of  phonons  with  frequencies  between 
1.0  and  2  THz  is  reported. 

Introduction . -  There  has  been  a  great  deal  of  recent  acltivity  in  high  frequency 
phonon  transport3'.  He  recently  presented  a  preliminary  report  on  the  propagation  of 

non-thermal,  large-wavevector  acoustic  phonons  over  macroscopic  distances  (y  mm)  in 

2 

GaAs  at  low  temperatures  .  Here  we  report  on  the  spatial,  temporal  and  directional 
dependence  of  the  phonon  signals  in  GaAs  and  present  also  results  on  InP. 

Experimental.-  Bulk  crystals  of  GaAs  and  InP  with  mechanically  lapped  and  chemically 
etched  surfaces  were  used.  We  studied  A1  bolometer  and  Pb  junction  detector  signals 
in  three  geometrical  configurations:  a)  "trans"  in  the  plane-parallel  samples  with 
photoexclted  source  region  and  detector  on  opposite  sides;  b)  "cis"  with  source  and 
detector  on  the  same  crystal  surface;  c)  "edge  on"  with  the  detector  close  to  a 
sample  edge  and  the  source  on  the  adjacent  face.  In  the  following,  the  necessary 
corrections  for  Lambert's  Law  and  the  cosine  of  the  detector  viewing  angle  have  been 
made. 

Results.-  Figure  1  shows  phonons  signals  S*«r^*S,  where  S  is  the  actually  measured  A1 
bolometer  signal  as  a  function  of  t  at  different  fixed  distances  r,  for  the  three 
principal  directions  in  a  2. 7x6. 5x12am3  <1,1, 0>  cut  GaAs  crystal  with  <1,1, 1>  edge-on 
detector.  S  has  been  plotted  as  a  function  of  t/r  to  reveal  the  characteristics  of 
ballistic,  dispersive  transport:  linear  scaling  of  pulse  shape  in  time  and  space. 
Close  affinity  is.  Indeed,  observed  in  Fig.  1.  The  peak  of  the  phonon  distribution 
travels  with  0.9xl0^cm/sec,  and  the  leading  and  trailing  halfpoints  with  ^  2.5*10^, 
and  n,  0. Ax103cm/sec.  raspectivaly.  The  detailed  shape  of  the  velocity  distributions 
depends  on  propagation  direction. 

The  signal  onset  of  the  TA  phonon  signals  was  measured  and  compared  to  low- 
frequency  propagation,  launched  in  evaporated  metal  film  stripes  in  situ  in  the  same 
experiment.  The  onset  edge  of  the  "slow"  signals  in  Fig.  1  exhibited  consistently 
lower  velocities,  ranging  from  881  to  93Z  of  the  low-frequency  TA  (reap.  FTA  in  1,1/)) 
velocities  in  the  three  directions.  He  therefore,  conclude  that  all  the  signals  we 
observe  is  due  to  high-frequency,  l.e.  v  >  1  THz  phonons.  Pb  junction  experiments  in 

•Also  at  Inetitut  fur  Physlk,  Unlversitat  Dortmund,  West-Germany . 
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Fig.  1  Phonon  signals  S*(t)  In 
GaAs,  T-1.4K,  for  three  directions 
at  fixed  propagation  distances 
r-0.44,  0,88,  1,76,  2.6  and  5,2mn 
(from  top  to  bottom) ,  Pulse  peak, 
leading  and  trailing  edge  halfpoints 
are  indicated  (I,  0,  •). 

— *  lag  ( t/r)  [l0-*s/cm] 

the  same  configuration  confirmed  this  result.  To  obtain  frequency  distributions  we 
converted  the  measured  velocities  according  to  the  known  dispersion  curves  along 
the  principal  directions  .  One  example  is  shown  in  Fig.  2a  the  evolution  of  the 
frequency  distribution  with  increasing  propagation  distance  along  <1,0,0>. 

The  variation  of  S*  with  increasing  distance  r  is  expected  to  be  propor¬ 
tional  to  1/r  exp  (-ar),  where  a  is  a  phenomenological  averaged  damping  constant. 

Due  to  the  pulse  shape  variations  evident  in  Fig.  1  -  a  narrowing  of  velocity  spread 
among  the  halfpoints  by  almost  a  factor  of  2  is  observed  in  all  three  directions  in 
the  distance  range  discussed  here  -  this  proportionality  is  modified.  Evaluating 
the  total  integrated  pulse  signal  we  found  Ot<lll>  “  3cm  1,  a  =  10cm_1  in  the  other 
directions.  From  the  narrowing  we  conclude  that  both  the  high  frequency  and  the  low 
frequency  parts  of  the  initial  frequency  distribution  are  affected  by  attenuation. 

The  minimum  of  damping  occurs  at  frequencies  of  2.05  THz  in  <1,0, 0>,  <1,1, 0>  and 
1.55  THz  in  the  <1,1, 1>  direction.  This  is  an  indication  of  anisotropic  phonon 
propagation  in  the  dispersive  region.  However,  the  polychromatic  excitation  of  TA 
phonons  (via  the  LO  -*■  LA  ■*  TA  relaxation  cascade)  and  the  relatively  large  detector 
viewing  angle  tends  to  smooth  out  large  variations  in  the  directionality  in  the 
intensity  of  the  phonon  signals,  which  one  would  expect  for  monochromatic  high- 
frequency  phonon  propagation  (in  analogy  to  the  focussing  effect  in  non-disperslve 
transport  at  low  frequencies) . 

In  Figure  2(b)  we  show  some  results  for  In?  on  the  spatial  dependence  of 
the  phonon  signals  for  three  different  elapsed  times.  This  plot  shows  that  the 
phonon  energy  density  has  a  peak  which  moves  with  increasing  time  away  from  r»0  in 
a  quasi  ballistic  fashion.  This  is  clearly  different  from  diffusive  transport, 
where  the  excitation  region  would  always  have  the  maxi  swim  energy  density  after  pulsed 
excitation.  These  data  indicate  that  the  momentum  and  energy  relaxation  time  for 
phonons  in  the  1.5  THz  region  ia  microseconds  long  in  InP. 

In  both  materials  boundary  scattering  of  these  THz  phonons  turned  out  to 
be  completely  diffuse  and  caused  efficient  down  conversion  into  low  $  phonons. 
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2(a).-  Phonon  distributions 
on  the  lowest  <1,0, 0>  TA  branch 
In  GaAs  after  the  pulse  has 
propagated  over  a  distance  of 

r-0.44  m  (| - 1),  0.88  nm  ( - ) 

and  1.76  m  (....).  The  arrows 
Indicate  the  peak;  upper  and 
lower  ends  of  the  lines  nark  the 
half points. 


Fig.  2(b).-  Phonon  signals  S*  as  a 
function  of  distance  for  three  dif¬ 
ferent  elapsed  tines  t(  after  pulsed 
excitation  at  r-0,  t-0  In  InP. 


Pulse  sharpening,  presumably  because  of  down  conversion,  was  also  observed  for 
high  excitation  levels  (k  10“6J/am2). 


In  ausnary,  we  have  observed  the  propagation  of  near  zone-edge  TA  phonons 
after  non-radiative  e-h  pair  reconbination  In  bulk  GaAs  and  InP.  Such  propagation 
appears  to  be  a  general  feature  for  zinc-blende  semiconductors  with  high  chemical, 
physical  and  surface  perfection. 
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FREQUENCY  CROSSING  IN  BICRYSTALS  AND  INELASTIC  SCATTERING  AT  SURFACES 

L.J.  Challi 8,  A. A.  Ghazi  and  M.N.  Wy bourne  * 

Department  of  Physios,  University  of  Nottingham,  Nottingham  NG7  2RD,  U.K. 


Abstract:  It  has  been  demonstrated  experimentally  and  theoretically  that 
frequency  crossing  signals  In  thermal  conduction  can  be  produced  between  diff¬ 
erent  resonant  scattering  centres  on  either  Bide  of  an  interface.  The  measur¬ 
ements  were  carried  out  on  an  AI2O3  bicrystal  doped  with  Fe2+  in  one  half  and 
V3*  in  the  other.  The  signals  are  observed  to  decay  with  distance  from  the 
interface  and  this  is  interpreted  as  the  result  of  inelastic  scattering  at  the 
crystal  surface. 


When  a  heat  current  passes  along  a  solid  rod  containing  resonant  scattering 
centres  holes  are  burned  in  its  spectrum  at  thB  resonant  frequencies.  If  there  are 
two  scattering  processes,  and  vQ,  the  total  phonon  scattering  and  so  thermal  res¬ 
istance  is  less  when  the  frequencies  cross  (coincide)  than  when  they  are  uncrossed 
since  the  area  of  the  combined  hole  burned  in  the  spectrum  is  less  than  that  of  thB 
two  separate  holes.  If  the  scattering  centres  are  magnetic  ions  their  frequencies 
can  be  tuned  with  a  magnetic  field,  the  fields  corresponding  to  crossing  points, 
which  are  identified  by  sharp  minima  in  the  temperature  gradient,  can  provide  spect¬ 
roscopic  information  of  high  resolution  /I/. 

In  the  present  worh  we  have  investigated  experimentally  and  theoretically 
whether  the  technique  can  be  used  when  the  two  types  of  centre  are  in  different 
parts  of  a  crystal.  To  simplify  the  theoretical  analysis  we  have  neglected  inelas¬ 
tic  phonon  scattering.  We  consider  heat  conduction  along  a  composite  rod  or  bicry¬ 
stal  doped  differently  in  its  two  halves  A  and  B  so  that  resonant  scattering  occurs 
at  in  one  half  and  v0  in  the  other.  Now  if  the  scattering  is  purely  elastic  the 
heat  current  within  the  channel  provided  by  a  narrow  band  of  frequencies  remains 
constant  throughout  the  rod  and  its  magnitude,  for  a  fixed  temperature  difference 
between  the  ends  of  the  rod,  depends  on  the  sum  of  thB  thermal  resistances  of  the 
two  helves.  Therefore  rather  little  heat  will  flow  in  the  channel  which  contains  vft. 
The  effect  of  adding  a  second  scattering  process  vfl  to  this  channel  (V0  ■  v^)  will 
reduce  the  heat  flow  along  it  but  if  it  is  already  small  It  will  make  little  differ¬ 
ence  to  the  total  heat  flow  from  all  the  channels.  However  if  vQ  la  tuned  away  from 
vA  a  second  channel  will  become  effectively  blocked  and  the  total  heat  flow  will 
fall.  So  we  expect  ths  thermal  resistance  of  the  composite  rod  to  pass  through  a 


* Present  Address  :  Tbs  General  Electric  Co  Ltd,  Hirst  Research  Centre,  Veebley,  Middx, 
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minimum  at  ■  Vg.  Detailed  analysis  /2/  indicates  that  at  the  crossing  the  fract¬ 
ional  change  in  the  temperature  differences  along  A  is 


4  x  x  2 

with  a  similir  expression  for  6T„.  fix)  »  x  e  /(e  -  1)  ,  x  «  hv/KT  and  v  is  the 

D  O 

crossing  frequency.  The  analysis  assumes  Lorentzian  line  shapes  with  scattering 
rates  t^/t^  *  A^/frv-v^2  ♦  T^]  where  tq1  is  the  background  scattering  rate,  which 
will  be  mostly  boundary  scattering.  It  also  supposes  which  is  believed  to 

be  the  case  in  our  experiments.  Expression  II)  shows  that  the  signal  size  is  diff¬ 
erent  in  the  two  halves  of  the  crystal  and  that  the  bigger  signal  occurs  in  the  half 
containing  the  weaker  scattering  process.  Of  particular  note  however  is  that  the 
analysis  suggests  that  it  is  possible,  at  least  in  the  absence  of  inelastic  scatter¬ 
ing,  to  observe  frequency  crossing  signals  in  a  composite  system. 

To  test  this  we  have  used  an  a-axis  bicrystal  of  AI2O3,  4mm  in  diameter  and  40 

mm  long  made  by  Hrand  OJevahirdJian  SA.  One  half  (V)  i3  doped  with  vanadium  and 

3+  2* 

believed  to  contain  'WOppm  of  V  and  O.Sppm  of  Fe  .  The  other  half  (Fe)  is  doped 

2+  3+ 

with  iron  and  believed  to  contain  n.2ppm  of  Fe  and  <1ppm  of  V  .  A  heat  current  is 
passed  along  the  rod  and  the  temperature  gradients  measured  near  to  the  interface 


using  a  pair  of  thermometers  as  shown  in  fig  1 .  For  the  arrangement  shown  heat 

3+  2+ 

could  be  injected  at  Hp0  or  My.  Several  V  /Fe  frequency  crossings  were  examined 

and  we  report  hare  the  data  for  two  crossings  C  and  D  involving  a  AM  •  1  transition 
3* 

of  the  V  ground  state  at  a  frequency  Vy  •  249  -  27B  GHz.  Crossing  C  occurs  when 


Vy  crosses  a  AM  ■  1  transition  of 

Fe2*  at  113  +  46B  GHz  in  a  field 

of  M.85T.  Crossing  0  occurs 
2* 

when  ,Vy  crosses  the  Fe  AM  ■  2 
transition  at  968  GHz  in  a  field 


fid  1:  The.  experimented  aAJuxnqmetvt. 


of  -V2.0ST.  The  two  crossing 

frequencies  are  199  and  194  GHz  respectively  and  the 
signals  for  the  two  heaters  are  shown  in  fig  2.  No  heat 
current  passes  through  the  Fe-doped  end  for  Injection  at 
H.  and  the  signal  is  due  to  v„  crossing  the  hole  burned 

*  7*  v 

by  the  traces  of  Fe  present  in  the  V-doped  and.  The 

important  feature  is  that  when  the  heat  is  switched  to 

Hp0.  the  signals  increase  by  factors  of  2.7(C)  and  2.1 
2 ♦ 

(0)  showing  that  the  Fe  hole  la  now  much  larger.  So 
2 ♦ 

the  hole  burned  by  Fe  lone  la  carried  over  Into  the 
3* 

V  end.  A  similar  result  is  found  if  the  sample  is  rev¬ 


ersed  end  the  temperature  gradient  Is  measured  on  the 
2* 

Fe  end.  We  conclude  that  a  resonant  frequency  in  one  flg^i- 
part  of  a  crystal  can  be  measured  by  tuning  that  of  ~ 


1.7  19  Z1 

BIT) 

The  {Ae^ucjicy 
(Miilnq  UQmU. 
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another  ion  in  a  different  part  of  the  cryatal.  Using  signals  derived  from  the  heat 
current  passing  between  the  two  parts  we  can  determine  when  the  two  frequencies  are 
equal.  This  could  have  wider  application  if  the  second  part  of  the  crystal  could  be 
stuck  or  grown  onto  the  first. 

This  effect  can  only  occur  if  the  holes  burned  in  one  part  of  the  crystal  hove 
not  decayed  oy  the  time  they  reach  the  detection  region.  Decay  will  occur  as  a 
result  of  inelastic  scattering  which  will  redistribute  the  heat  current  spectrum 
towards  that  corresponding  to  the  local  scattering  processes.  Information  on  this 
decay  was  obtained  by  measuring  the  size  of  the  signals  further  from  the  interface. 

It  was  found  that  at  ‘'•12m m  from  the  Interface  the  holes  had  decayed  almost  completely 
since  the  signal  sizes  were  the  same  whichever  heater  was  used.  From  these  data  we 
deduce  that  at  2K  and  200GHz  the  mean  free  path  for  inelastic  scattering  %  4mm. 

No  difference  was  observed  at  1.5K. 

This  value  seems  much  too  short  to  be  due  to  bulk  three-phonon  processes.  There 
is  no  direct  information  on  these  but  estimates  obtained  by  extrapolating  thermal 

g 

conductivity  data  /3/  would  give  values  at  these  temperatures  and  frequencies  of  'MO 
mm.  We  prefer  to  believe  therefore  that  ij  is  due  to  inelastic  scattering  at  the 
surfaces  and  since  l ^  'v  diameter,  this  suggests  that  the  probability  that  a  phonon 
striking  the  surface  is  scattered  lnelastlcally  M .  This  1b  higher  than  that  found 
from  the  decay  of  '2A‘  phonons  /4/  and  more  work  is  needed  to  establish  whether  this 
is  due  to  the  nature  of  the  surfaces  -  the  present  surfaces  are  fine  ground  to  4420(1 
and  not  carefully  cleaned  -  or  for  example  to  the  fact  that  because  of  the  higher 
resolution  we  are  more  sensitive  to  quasielastic  scattering. 

The  work  was  supported  by  the  Science  Research  Council.  We  are  also  very 
grateful  to  Hr  J  R  MacOermott  of  Refractory  Metals  and  Castings  Ltd,  Professor  A 
Revcolevschl  of  the  University  of  OrBay,  and  our  colleagues  fir  H  Carter,  Mr  W  Roys 
and  Dr  F  W  Sheard  for  help  at  various  stages. 
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THE  INFLUENCE  OF  THE  DYNAMICAL  JAHN-TELLER  EFFECT  OF  ACCEPTORS  ONTO  THE 
PHONON-TRANSPORT  MECHANISM  IN  CUBIC  SEMICONDUCTORS 


J,  Maier  and  E.  Sigmund 

Institut  fOr  Theoretisohe  Physik,  UnivereitUt  Stuttgart,  7000  Stuttgart,  F.R.G. 


Abstract.-  Phonon  scattering  experiments  of  various  types  in  cu- 
bic  semiconductors  doped  with  deep  effective  mass  acceptors  in¬ 
dicate  an  extra  resonance  scattering  at  some  meV.  We  show,  using 
Green's  function  and  transformation  techniques  that  these  re¬ 
sonances  are  due  to  a  dynamic  Jahn-Teller  effect  of  the  r8- 
acceptor  ground  state.  Their  influence  onto  the  thermal  conduc¬ 
tivity  is  calculated  in  terms  of  a  specific  single  mode  relaxa¬ 
tion  time. 


1.  Introduction.-  A  series  of  phonon  experiments1 *^*3  and  optical  ex¬ 
periments4  indicate  a  resonance  energy  in  the  meV-range  for  the  deeper 
acceptors  GaAs(Mn) ,  GaP(Zn),  Si{In)  and  Si (B) .  These  energies  are  much 
larger  than  the  splitting  due  to  random  Internal  fields,  which  may  be 
of  the  order  of  10  to  100  peV  in  these  crystals.  In  the  following  we 
show  that  these  additional  resonances  are  due  to  the  dynamical  Jahn- 
Teller  effect  and  we  discuss  their  Influence  onto  the  phonon  transport 
mechanism. 

2.  The  Phonon-Transport  Mechanism.-  The  theoretical  analysis  of  our 
calculation  is  based  on  the  Boltzmann  equation^  of  the  phonon  distri¬ 
bution  function  NXq(r,t): 

where  *Xq(r ,t)»N°q+«NXq  and  NXq«|exp(h  «*>xq/kT^ _1  l_1-v Aq  1s  the  9«*oup 
velocity  of  the  phonon  and  defined  by  vXq«Vqu>Xq.  The  first  term  repre¬ 
sents  the  local  time-derivation,  the  second  one  arises  from  the  drift 
motion  of  the  phonons  In  a  gradient  field  and  the  third  term  Is  the 
source  term  and  describes  the  rate  of  phonon  production  and  annihila¬ 
tion  by  the  heater  and  detector.  The  fourth  term  is  called  the  colli¬ 
sion  or  scattering  term  and  it  reflects  the  physics  of  all  phonon  inter¬ 
action  processes  arising  In  the  studied  sample.  The  treatment  of  this 
term  Is  the  root  problem  In  solving  the  Boltzmann  equation. 

It  describes  the  change  of  the  phonon  distribution  function  due  to  the 
different  scattering  processes.  In  relaxation  time  approximation  this 
term  Is  given  by 
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(^)c ' ' 

tX(J  Is  the  single-mode  relaxation  time.  If  all  relaxation  rates  are 
known  the  thermal  conductivity  can  be  calculated. 


3.  The  Acceptor  Ground  State  in  Cubic  Semiconductors.-  The  ground  state 
of  acceptors  in  cubic  semiconductors  is  fourfold  degenerate  (Tg)  and 
the  interaction  with  the  lattice  vibrations  leads  to  the  possibility  of 
a  Jahn-Teller  effect,  which  may  cause  a  dynamical  splitting  of  the  elec¬ 
tronic  levels. 

The  acceptor-hole-lattice  interaction  Hamiltonian  can  be  written 


Hj  =  £  {De(Plr}q+P2  r2X<»)  +  0'tp3(o1«Xq  ♦  o2«£q  +  a3«Xq)> 

Xq 

where  p.  and  o4  are  Dirac's  4x4  matrices.  The  coupling  functions  r 
Xo1  J 

and  are  given  by 


Xq 

i 


riq=(ii^)1/2  f(q)  *  ‘  qx*Xx  '  VxyJ  etC‘ 

bXq  and  b^  are  the  annihilation  and  creatlen  operators  for  the  phonon 
Xq.  q  is  the  unit  vector  along  q,  ex  is  the  polarization  vector  and  M 
the  mass  of  the  crystal.  De(«0*)  and  DT(«D*,)  are  the  deformation  po¬ 
tential  constants  for  a  [l.O.Ojf  and  [l.l.lj  strain  respectively.  f(q) 
is  the  cut-off  function  reflecting  the  extended  nature  of  the  defect 


state. 


4.  The  Single-Wode  Relaxation  Time.-  The  scattering  rate  or  the  Inverse 
life  time  of  a  single  phonon  can  be  related  to  the  Imaginary  part  of 
the  T-matrix: 


TxJ  *  Sj  lm  TKq>Xq,Xq 

The  T-matrlx  itself  Is  defined  by  the  phonon  Green's  functions 
(6'VW  #f  th*  UBMrt«rbed  (G0)  and  perturbed  (6)  crystal.  For  the 
calculations  we  used  an  Isotropic  model  for  the  Crystal,  we  expanded 
the  Green's  funetlen  hierarchy  op  to  the  fourth  ofier  and  we  calculated 
the  thermal  expectation  values  by  use  of  an  exponential  transformation. 
As  a  final  result  the  mean  scattering  rate  can  be  written  In  the  Lorentz 
Ian-like  form® 


(w-A(w))2*  f(-)2 

P,  A  and  r  are  rather  lengthy  expressions,  therefore  we  have  omitted 
them.  In  Fig.  1  the  Jahn-Teller  Induced  relaxation  rate  Is  drawn. 
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5.  The  Thermal  Conductivity.-  Talcing  into  account  the  boundary  (B)  and 
isotopic  (I)  scattering  as  well  as  the  phonon  scattering  by  the  ac¬ 
ceptor  states  (JT)  and  the  Umklapp  processes  (U)  the  thermal  conducti¬ 
vity  K(T)  can  be  calculated^.  In  Fig.  2.  the  thermal  conductivity  of 
the  system  Si (In)  for  different  In-concentrations  is  drawn.  Its  be¬ 
haviour  is  in  good  agreement  with  the  experimental  results. 


Fig.l:  Relaxation  rate  of  longitudinal  phonons  by  the  scattering  by 
the  Jahn-Tel ler  state  (1/t,t),  by  the  Isotopic  scattering  (1/t.I,  and 
by  the  boundary  scattering  (i/tr)  in  In-doped  Si  (In-concentration 
n*l-106em-3)  as  a  function  of  tne  energy  The  calculated  resonance 
energy  is  3-8  meV. 

Fig. 2:  Calculated  thermal  conductivity  K  in  Si(In).as  a  function  of 
temperature  for  different  In-concentrations  n. 
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A  STUDY  OF  THE  GROUND  STATE  OF  ACCEPTORS  IN  SILICON  FROM  THERMAL 
TRANSPORT  EXPERIMENTS 


A.N.  De  Goer,  M.  Locatelli  and  K.  La*  smarm* 

Service  dee  Basses  Temperatures,  Laboratoire  de  Cryophysique,  Centre  d 'Etudes 
BucUairee  de  Grenoble ,  8S  X,  28041  Grenoble  Cedex,  France 

*  Pkysikalisahes  Ins ti tut.  University  of  Stuttgart,  7000  Stuttgart  80,  F.R.G. 


ABSTRACT  -  Thermal  conductivity  measurements  of  silicon  crystals  doped  with 
B  or  In  have  shown  the  presence  of  several  phonon  scattering  processes.  The 
resonant  effect  observed  below  1  K  Is  ascribed  to  the  existence  of  a  dis¬ 
tribution  of  splittings  N( 6)  of  the  rg  ground  state  of  the  acceptor,  which 
could  be  related  to  the  presence  of  oxygen  and  carbon  Impurities.  In  two 
cases,  the  maximum  of  N(<S)  occurs  for  6  max  near  6  GHz,  in  agreement  with 
previous  ultrasonic  studies  ({^  >  4  GHz). 


Samples  and  Experiments  -  The  thermal  conductivity  of  four  SI  single  crystals  doped 
with  B  or  In  has  been  measured  from  50  mK  to  200  K.  Three  crystals  have  been  studied 
by  ultrasonic  absorption  In  Stuttgart  and  some  of  these  results  have  been  already 
published  [1].  The  characteristics  of  the  samples  are  given  In  table  1. 

TABLE  1 


Sample 

S  80  g 

S  87  d 

S  52 

S  33  * 

Dimensions 

2.6  x  3.0  x  35 

3 .0  x  3.0  x  34 

2.3  x  3.0  x  14 

0.85  x3.03  x  U 

Acceptor 

B 

8 

In 

In 

p  (o  cm) 

10.8 

2.5 

0.  1 

2 

"A  (cm-*) 

1.2  10* 5 

5.4  1015 

5.10  17 

5.10  15 

no  (cmr3) 

5.7  1017 

4  2 . 10 1 5 

8.10  17 

7 .10  17 

nc  (cm'*) 

4.1  1016 

4  5.1015 

? 

? 

Growth  method 
*Max.(6Hz) 

Cz 

FI .  zone 

Cz 

• 

(from  ultrasonics)  >  4 

1.3 

>  4 

* 

*  This  sample  has  been  measured  previously  above  1.2  K  [2] 

Results  and  Qualitative  discussion  -  The  experimental  results  are  displayed  in  fig.l 
In  a  log-log  plot  and  show  that  three  temperature  ranges  can  be  considered. 

(1)  T  <  2  K  Resonant  phonon  scattering  Is  present  In  the  three  samples  measured 
In  this  temperature  range.  Me  ascribe  this  scattering  to  a  direct  process  between 
the  tmo  energy  levels  arising  from  the  rg  acceptor  ground  state,  the  splitting  being 
variable  from  site  to  site  due  to  random  strains  and  electric  fields.  The  dlstrl- 
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Figure  2.  Solid  lines  are  not 
calculated 


Figure  1. 

butions  N( 6)  have  been  studied  at  frequencies  less  than  4  GHz  by  ultrasonic  attenua¬ 
tion  and  related  to  the  presence  of  carbon  or  oxygen  impurities  In  the  crystals  [1]. 
The  phonon  relaxation  rate  due  to  this  process  Is  given  approxlmatlvely  by  : 

t'Hm)  *  II  D2  u  N(4»u)/h  p  v2  (1) 

where  ff  Is  a  mean  value  of  the  coupling  constant,  and  the  qualitative  shape  of  H(4) 
is  given  by  the  function  T”/K  [3].  In  fig.  2,  T2/K  Is  plotted  as  a  function  of  T 
for  the  three  samples  studied.  A  maximum  Is  observed  near  0.19  K  in  the  case  of  Si  : 
In  (S.1017/cms)  and  0.09  K  In  the  case  of  SI  :  B  (1.2  1015/cm3),  which  would  corres¬ 
pond  very  crudely  to  frequencies  6mx  of  15  and  7  GHz  respectively.  In  the  case 
of  Si  :  B  (5.1015/cm*)  the  maximum  is  not  reached  at  the  lowest  temperatures,  so 
that  Sggx  must  be  less  than  4  GHz.  These  results  are  In  very  good  qualitative  agree¬ 
ment  with  those  obtained  by  ultrasonic  measurements  and  given  In  table  1. 

(11)  2  <  T  <  30  K  A  very  clear  dip  appears  near  20  K  In  the  case  of  the  In-doped 
sables,  which  has  been  already  observed  and  attributed  to  an  excited  Jahn-Teller 
level  of  the  acceptor  near  40  cm*1  (2).  A  small  effect  could  be  present  near  3  K  in 
the  more  highly  doped  SI  :  B  sample  so  that  the  ratio  of  the  transition  energies  for 
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the  two  systems  would  be  about  5,  a  value  noticeably  larger  than  previously  sup¬ 
posed  [4], 

(111)  T  >  30  K  The  dip  near  40  K  present  in  the  lightly  doped  SI  :  B  crystal  and 
not  In  the  highly  doped  one  Is  attributed  to  the  presence  of  isolated  oxygen  inters¬ 
titials  ;  the  two  crystals  contain  different  amount  of  oxygen  (see  table  1)  and  in 
fact,  the  two  curves  cross  near  20  K.  This  resonant  scattering  observed  near  40  K  is 
also  probably  present  in  the  In-doped  samples  and  could  be  related  to  a  transition 
near  80  cm-1,  in  reasonable  agreement  with  the  energy  level  scheme  of  oxygen  deduced 
from  FIR  absorption  measurements  [5], 

Quantitative  analysis  -  A  preliminary  analysis  of  the  results  in  the  temperature 
range  T  <  1  K  for  the  two  samples  containing  oxygen  and  carbon  has  been  carried  out 
within  the  Debye  approximation.  Only  boundary  scattering  (x^*1  “  constant)  and  scat¬ 
tering  by  the  acceptors  as  described  by  equation  (1)  have  been  considered.  Me  have 
used  an  expression  of  N(«)  which  gives  a  satisfactory  description  of  the  distribu¬ 
tion  obtained  by  a  Monte-Carlo  calculation  for  point  defects  such  as  carbon  [1). 

The  general  features  of  the  experimental  T2/K  curves  (fig. 2)  can  be  described  by 
such  an  analysis  and,  with  the  parameters  given  in  table  2,  the  position  and  inten¬ 
sity  of  the  maximum  are  well  reproduced,  but  not  the  detailed  shape  of  the  curves. 
The  values  of  6^^  obtained  from  these  fits  are  similar  In  the  two  crystals.  In 
contrast  with  the  crude  estimations  from  the  position  of  the  pics  given  above. 

TABLE  2 


Sample 

*max  (®H*) 

N^Pterg2  cm*3) 

\  (cm*3) 

D  (eV) 

SI  :  B  (S  80  g) 

6.2  ±  0.4 

6.5  10*3 

1.2  1015 

1.5 

SI  :  In  (S  52) 

5.6  t  0.4 

5.1  10*7 

5.1017 

0.63 

This  analysis  also  gives  values  of  NAff2and,  supposing  that  all  the  acceptors 
contribute  to  the  scattering,  we  obtain  the  values  of  D  given  In  table  2,  which 
are  not  unreasonable.  Full  details  will  be  published  elsewhere. 
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PHONON  AND  PSEUDO-MAGNON  TRANSPORT  IN  COOPERATIVE  JAHN-TELLER  SYSTEMS 
M.  Wagner,  W.  Mutscheller  and  H.-K.  Husser 

Institut  fUr  Theoretisohe  Phyaik,  Universititt  Stuttgart,  7000  Stuttgart  80, 
F.R.G. 


Abstract.-  Stimulated  by  measurements  of  Daudin  and  Salce  it  Is 
shown  that  in  E-b1 ,t>2  systems  like  TmV04  one-phonon  scattering 
Is  of  minor  Importance  for  phonon  transport.  Strong  effects  onto 
the  heat  conductivity  arise  from  the  new  transport  path  of  the 
pseudo-magnon  system  and  from  the  2  phonon-1  magnon  relaxation 
path.  Explicite  expressions  are  given. 


1 .  Introduction . -  This  work  has  been  stimulated  by  measurements  of 
Daudin  and  Salce  [l]  on  the  heat  conductivity  of  rare  earth  vanadates 
and  arsenates,  which  are  cooperative  Jahn-Teller  Systems  of  the  E-b1 ,b2 
type.  We  specifically  refer  to  TmV04.  These  authors  tentatively  ascribed 
the  resonance  behaviour  below  Tc  to  a  1  phonon- 1  magnon  scattering  me¬ 
chanism.  But  the  data  could  not  be  reproduced  in  this  way. 

2.  Physical  Conception,-  In  our  approach  we  suggest  that,  at  least  in 
E-bj,b2  systems  like  TmV04,  where  the  E-b2  coupling  is  much  weaker 
than  the  E-b1  coupling,  one-phonon  resonances  do  not  play  any  appreci¬ 
able  role  in  the  energy  transport.  Rather,  the  linear  electron-lattice 
coupling  is  mainly  used  up  to  define  new  equilibrium  positions  of  the 
lattice  ("J.T.  distortion"),  thereby  on  the  one  hand  establishing  coo- 
perativity  in  the  pseudo-magnon  system,  and  on  the  other  hand  produ¬ 
cing  a  2-phonon-magnon  scattering  mechanism.  Thus,  there  is  no  one- 
phonon  scattering  mechanism  which  would  have  an  effect  onto  energy 
transport.  Therefore  it  is  necessary  that  the  definition  of  the  spa¬ 
tial  energy  density, which  is  necessary  for  doing  transport  theory, 
does  not  contain  contributions  which  are  linear  in  the  lattice  displace¬ 
ments,  since  these  would  yield  artifact  contributions  to  the  heat 
conductivity  .  To  avoid  such  artifact  contributions,  we  perform  a  uni¬ 
tary  transformation  of  the  original  Hamiltonian  H°  [2] ,  which  removes 
the  linear  electron-phonon  interaction  terms  [3] .  The  new  and  physi¬ 
cally  effective  Hamiltonian  then  reads 
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(2)  H' 


l  [u 

qq’ 


12 

qq’ 


aq+q’ 


b-+ 

qi 


bi 

q2 


h.c.] 


+  £-*.  {a-*  -*•.  [v-^,  b*’ ,  +  V^,  b^  b* ,  1+  h.c.} 

qq’  q-q’ 1  qq’  qi  q  2  qq  q2  q  r 


+  energy  non-conserving  terms 

where  are  the  pseudo-spin  operators  [2]  which  describe  the  electro¬ 
nic  2-  mlevel  systems  at  sites  in ,  and  where  the  quantities  A,  U  and  V 
are  triple  products  of  the  original  coupling  constants  and  the  inverse 
of  the  dynamical  lattice  matrix  D;  their  detailed  expressions  are  leng¬ 
thy  and  will  be  given  elsewhere. 


3.  Heat  Conductivity.-  Under  suitable  provisions  the  heat  conductivity 
expression  may  be  written  as  a  superposition  of  the  different  transport 
paths  j,  j=1,2,s,  each  of  which  is  characterized  by  an  excitation  ener- 
gy  “gjf  a  group  relocity  v^.  and  a  relaxation  time  Tq j •  We  have  employed 
a  Zwanzig-Mori  formalism  £4]  for  the  correlation  functions  leading  to 
expressions  for  xjj 1 .  The  details  are  given  elsewhere. 

The  pseudo-spin  part  of  expr.  (1)  constitutes  a  highly  anisotropic 
Heisenberg  Hamiltonian,  which  by  means  of  its  dispersion  property  opens 
up  a  new  transport  path.  The  most  simplified  expression  for  the  pseudo- 
spin  conductivity  reads 

(3)  *BmKL0)  &2  o(T)  +  O) »  b*5Tt 

B 

where  a  is  the  order  parameter,  which  satisfies  the  well-known  mean- 
field  equation,  and  where  may  be  taken  as  a  constant.  The  tempera¬ 

ture  behaviour  of  x  is  illustrated  in  fig.  (1).  On  the  other  hand,  the 
residual  electron-phonon  coupling  term  H’  (vid.  (2))  opens  a  new  re¬ 
laxation  channel  by  means  of  scattering  which  involves  two  phonons  and 
one  pseudo-magnon .  This  leads  to  a  resonance  expression  of  the  form 


(4)  x(w)"W(u) 


i»  /(w-f))2  +e2 


e~Bui  (eBui  -1) 

(eBn  +  _  ~ 


where  n  is  the  pseudo-magnon  frequency  and  T(u)  is  slightly  w-dependent, 
but  is  taken  as  a  constant.  Then  has  resonance  character  below  T 

c 

and  a  monotonic  behaviour  above  Tc>  The  deviation  of  the  phonon  heat 
conductivity  from  the  Casimir  behaviour  (i.e.  boundary  scattering  only) 
is  drawn  in  fig.  1. 


C6-2A0 


JOURNAL  DE  PHYSIQUE 


Fig.  1:  Heat  conducti¬ 
vity  in  Cooperative  J.T. 

Systems.  -  additional 

conductivity  due  to  the 
pseudo-spin  system. 

-  deviation  of  phonon 

conductivity  from  boun¬ 
dary  scattering  behaviour 
in  the  mean  field  case 
aMI-T/T  )  1/2  . 

same  as  before,  but 

oM1  +  (T/Tc)4)-1. 


The  qualitative  picture  seems  promising.  An  attempt,  to  achieve  a  quan¬ 
titative  fit  of  the  measurements  [l]  by  a  suitable  choice  of  tc^°^ 

T  will  be  made  in  the  near  future. 


and 
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PHONON  PULSES  FROM  A  RELAXING  SYSTEM 

R.  Englman 

Israel  Atamio  Energy  Cormiseion,  Soreq  Nuclear  Research  Center,  lame,  Israel 


Abstract . -  The  spread  of  polychromatic  phonon  pulses,  following  optical 
absorption  by  a  defect,  la  calculated  up  to  ''•102  lattice-spaclngs  far. 
Phonon  dispersion  attenuates  the  pulse.  The  angular  variation  of  the  pulse 
peak  position  reflects  the  spectral  anisotropy. 


1.  Introduction. -  Recent  detection  of  monochromatic  phonon  pulses  explored  bal- 

(1  21 

llstlc  propagation  and  angular  dependences  In  the  phonon  spectrum.  Phonon 

pulses  arising  from  a  relaxing  excited  Impurity  have  been  described  theoretical- 
(3) 

ly.  These  span  a  broad  frequency  range,  are  easy  to  generate  and  may  with  some 
sophistication  be  detected  (a)  macroscopically,  namely  at  a  distance  several  times 
the  Illuminated  region,  or  (b)  microscopically,  by  coherent  meaeuremsnt  of  signals 
produced  by  secondary  absorbers  near  the  Impurity. 

(33 

2.  Results.-  Aa  noted  previously,  the  pulse-shape  depends  on  the  frequency 
spectrum  u(k,j)  as  function  of  the  wave  vector  k  and  branch  ini  ex  j .  In  Pig.  1 
the  pulse,  which  Is  initially  localised  near  the  Impurity,  maintains  Its  shape  and 
height  for  a  Debye  spectrum,  w  «  k,  as  far  as  30  lattice  spaclngs  (a)  away  but 
distorts  and  attenuates  strongly  by  dispersion  u  «  sinak/2. 

The  distance  (r)  and  time  (t)  dependence  of  the  pulse  is 

<L(r  t)  «  l  q  (M,k,J)expi[w(k,J)t  -  k.r]  (1) 

a 

The  amplitude  q  of  the  Initial  excitation  Is  expected  to  follow  aay^>totlcally 

°  _2  _i 

for  small  k  the  relationship  a  «  k  (or  k  In  2D)'  .  The  polarisation  vector 

~  /t) 

Included  in  ^  has  a  complicated  behaviour  especially  for  degenerate  modes. 

We  assume  aa  Isotropic  form. 

Then  the  angular  variation  of  the  pulse  intensity  arises  from  the  anisotropy 
of  *(k).  Assuming  a  cubic  form  like 
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2  4  4  4  4  4 

w  «  k  +  k  +  k  (or  <■  k  +  k  in  2D) 
x  y  z  x  y 

the  outward  (radial)  pulse-height  rqr ($,t)  was  computed  as  function  of  the 
azimuthal  angle  ♦  in  the  (OOl)-plane  (or  of  the  polar  angle  in  a  cylindrical 
2D-geosetry) . 

The  location  of  the  sain  saximua  in  rq($,t)  at  each  instant  t  can  be  derived 
by  assusing  that  the  sain  contribution  to  the  sus  in  (1)  coses  fros  points  in  the 
Brillouin-zone  where  the  group  velocity  satisfies 


The  naxlsum  occurs  for  values  of  it,  t  where  the  phase  in  (1) 


oj(k, J)t  -  k-£  -  2w  x  integer 


It  can  then  be  shown  that  the  saxioais  amplitude  is  at  points  ru  (4,t)  where 


rM(*,t) 

*M(.o,t) 


/  4/3.  ^  ^  4/3.. -7/8 

(cos  A  +  sin  A) 


(2) 


Hie  rhs  of  (2)  is  shown  in  Pig.  2.  The  values  of  rw(A»t)  obtained  fros  conputa- 

-1  ™ 

tion  of  (1)  at  a  time  t  •  avn  (vg  -  velocity  of  sound)  resemble  the  functional 
fors  of  (2)  in  both  2D  and  3D.  [Rote  however  fros  the  figure  that  only  a  little 
later  the  cosputed  saxisa  are  distorted  with  respect  to  the  simple  prediction  (2)]. 

3.  Conclusion. -  It  follows  that  with  suitable  experimental  seans  of  detection 
spontaneous  phonon  pulses  fros  excited,  relaxing  impurities  can  yield  useful  though 
limited  information  about  lattice  phonons  and  the  impurity-lattice  interaction. 
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Fig.  1.-  rq  vs  r 

Radial,  valeted  phonon  amplitudes  as  function  of  distance  In  units  of  lattice 
spacing  for  Isotropic  spectra  at  different  tinea.  Initially  the  pulse  la 
localised  at  the  centre,  later  It  propagates  sharply  outwards  for  a  non-dlsperslve 
spectrun  (u  «k)  but  gets  attenuated  and  distorted  for  a  dispersive  spectrun. 

Tine  la  In  units  of  as (velocity  of  Bound) ”1. 


.  2.-  Anisotropy  affect 

position  rg  of  the  aaln  assinun  as  function  of  the  angle  of  orientation  $ 
a  [ 001  }-p lane)  as  obtained hsuristleally  [sq.(2)],  by  conputetlon  in  3D  and' 
at  a  tins  •  Saw-1.  the  dote  show  computed  results  in  2D  at  a  tins  -  7sv#-1. 
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PHONON  SCATTERING  BY  Cr  IONS  IN  GaAs  AND  THE  EFFECT  OF  UNIAXIAL  STRESS 

#  * 

A.  Ramdane,  B.  Salce  ,  L.J.  Challis  and  M.  Locatelli 

Department  of  Phyeioe,  Nottingham  University,  Nottingham  NG7  2BD,  U.K. 

*  Service  B  T,  CENG,  8SX,  38041  Grenoble  Cedex,  France 


'Abstract:  Thermal  conductivity  measurements  in  the  range  50mK  to  100K.  on  n; 
p  and  SI  samples  of  Cr  doped  GaAs  show  that  Cr**  only  scatters  phonons  at  ^5 
GHz  while  Cr3*  has  several  resonant  frequencies  in  the  range  20  to  7Q0GHz. 
Measurements  under  uniaxial  stress  indicate  very  anisotropic  behaviour  qual¬ 
itatively  consistent  with  a  Jahn-Teller  model  for  Cr  . 


Substitutional  Cr  appears  to  exist  in  GaAs  in  the  three  ionic  states  Cr2*,  Cr3* 
4+  4+  3 

and  Cr  .  Cr  has  an  orbital  singlet  (  Aj)  ground  state  and  cannot  scatter  phonons 

strongly  (neither  could  Cr1 *  if  it  existed)  but  this  is  not  necessarily  the  case  for 
2*  3+ 

Cr  and  Cr  .  We  have  Investigated  the  phonon  scattering  by  maKlng  thermal  conduc¬ 
tivity  measurements  down  to  SQttK  and  under  uniaxial  stress.  The  zero  stress  work  is 
an  extension  of  earlier  work  /I/  and  a  full  report  on  the  14  samples  investigated 
will  appear  elsewhere  /2/. 

The  thermal  conductivity  K.  correlates  with  the  electrical  characteristics  and 

values  for  n,  p  and  semi-insulating  (SI)  specimens  are  Bhown  in  fig  1.  The  data  are 

plotted  as  thermal  resistivity  (W  »  i/K)  divided  by  the  resistivity  characteristic 

of  undoped  GaAs  to  emphasise  the  scattering  and  the  upper  scale  showB  the  frequency 

of  the  dominant  phonons  in  the  heat  current  (hv  *v  4kT)  attributable  to  Cr.  The 

weakly  p-type  (GA781)  and  SI  sample  GA735(e)  are  not  dissimilar  in  behaviour  above 

lOOnfc  and  the  smaller  though  still  very  substantial  scattering  in  TI4  is  consistent 

with  the  fact  that  the  Cr  concentration  is  about  20  times  smaller  than  in  the  other 

2  samples.  There  is  also  evidence  of  reeohant  scattering  at  ^SGHz  in  SI  GaAs  which 

is  absent  in  the  p-type  material  but  appears  to  be  the  only  resonant  scattering  in 

n-type  material  containing  a  roughly  similar  amount  of  Cr.  Since  the  Cr  in  n-type 

2* 

material  should  be  very  largely  in  the  Cr  state  we  conclude  that  this  ion  is 

2* 

responsible  for  the  low  frequency  scattering.  So  Cr  can  only  scatter  phonons 
significantly  at  ^5GHz.  The  absence  of  this  scattering  in  weakly  p-type  material 
(Cr3*  and  Cr4*)  and  its  presence  in  SI  material  (Cr2*  and  Cr3*)  is  consistent  with 
the  probable  valence  states  given.  The  scattering  above  100MK  in  p-type  and  SI 
material  seems  attributable  to  Cr3*  and  from  the  positions  of  the  maxima  in  W/WQ  we 
deduce  that  the  scattering  la  resonant  at  21.  80,  ISO,  400  and  880GHz  suggesting  a 
fairly  complex  level  scheme.  The  values  at  150  and  400  GHz  are  broadly  consistent 
with  values  obtained  by  tunnel  junction  spectroscopy  /3/. 


V  (GHz) 
100 
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Both  Cr2*  and  Cr3*  are  believed  to  undergo  Jehn-Teller  effects.  In  the  static 

5  2* 

limit  the  T-,  states  of  the  Trt  crystal  field  of  Cr  are  split  by  tetragonal  John- 

i  o  'e  ' 

Teller  distortions  to  leave  a  ground  state  orbital  singlet  B2  for  each  of  the  three 
wells  which  is  then  split  by  second  order  spin-orbit  interaction.  This  can  account 
for  the  EPR  data  /4/  but  not  for  the  phonon  soatterlng  observed  herB  which  is  forbid¬ 
den  in  this  limit  /2,5/.  Tunnelling  between  the  wells  mlxBB  thBir  states  and  phonon 
scattering  is  now  allowed  between  levels  separated  by  35 1  where  5^  is  the  tunnelling 
frequency  /5/.  The  levels  should  be  very  sensitive  to  applied  or  random  strain  which 
produces  relative  shifts  in  the  energies  of  the  wells.  However  the  phonon  scattering 
cuts  off  once  these  shifts  exceed  the  tunnelling  splitting  so  no  scattering  can  occur 
much  above  35 1 .  From  the  data  in  fig  1  we  can  conclude  therefore  that  5-|  <!  2GHz  and 
so  the  Ham  reduction  factor  y  <  0.001 .  The  picture  is  much  less  clear  for  Cr3* .  The 

4 

Td  ground  state  Is  T1  and  EPR  data  suggest  that  the  Jahn-Teller  distortion  results 
In  6  orthorhomblcally  placed  wells  /6/.  The  size  of  the  reduction  factors  and  so  the 
relative  sizes  of  the  first  and  second  order  spin-orbit  splittings  are  not  Known  and 

4 

the  description  is  complicated  by  the  possible  close  proximity  to  T^  of  states  from 
excited  configurations  /?/. 

To  Investigate  the  system  further,  measurements  have  been  made  of  the  dependence 
of  the  thermal  conductivity  on  uniaxial  stress  in  the  temperature  range  2-15K.  No 
significant  effect  was  found  in  n-type  material  and  this  seams  consistent  with,  the 
description  for  Cr  given  above.  Strsas  should  Increase  the  transition  frequencies 
to  values  comparable  with  those  of  the  domlnent  phonons  in  the  heat  current  so  that  a 
decrease  in  thermal  conductivity  might  occur.  The  fact  that  It  does  not  Is  consist¬ 
ent  with  the  cut-off  in  scattering  cross-section  at  these  high  frequencies.  Data  for 
SI  (T14)  and  p-typs  (GA7B1J  sample*  are  Shown  in  fig  2  for,. compressive  stresses  along 
<001>  and  <110>  directions.  The  behaviour  of  the  two  samples  Is  very  similar  for 
<001>  stresses  again  suggesting  that  the  soatterlng  ion  la  the  same.  In  TI4  the 
saturation  value  at  high  stresaae  In  very  similar  to  that  of  undoped  GaAs  suggesting 
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that  the  Cr  scattering  has  been  completely  quenched.  The  anisotropy  reflected  by 
the  comparatively  modest  changes  produced  by  <110>  stress  is  very  striking  and  sugg¬ 
ests  that  <110>  stress  leaves  a  ground  state  within  which  phonon  scattering  can  still 
occur.  This  seems  qualitatively  consistent  with  the  stress  splitting  for  Cr~+  near 
the  static  Jahn-Teller  limit  given  in  ref  /6/.  Compressive  <001>  stress  leaves  2 
orthogonal  levels  lowest  so  that  phonon  scattering  should  vanish  at  high  stress. 
Compressive  <110>  stress  leaves  4  levels  lowest.  Tunnelling  can  occur  between  pairs 
so  phonon  scattering  remains  even  at  high  stress.  Further  measurements  and  analysis 
are  in  progress  to  test  this  description. 

Me  are  very  grateful  for  samples  from  If  J  Cardwell.  P  R  Jay  and  □  J  Stlrland  and 
the  Plessey  Co  and  from  T  Ishiguro  and  h  Tokumoto  and  to  many  of  our  colleagues  part¬ 
icularly  A  S  Abhvanl,  S  P  Austen,  C  A  Bates,  L  Eaves,  A  If  de  Goer,  J  R  Fletcher.  P  J 
King,  L  W  Parker  and  D  J  Pooler  for  very  helpful  discussions.  The  work  was  supported 
by  the  Science  Research  Council  and  the  Miniature  des  Affaires  Etrangfcres  and  one  of 


E ig  2:  Effect  oi  uni¬ 
axial  A&ie. 66  on  the. 
thtHMit  conductivity. 


us  CAR)  is  very  grateful  to  the  Algerian  Ministry  of  Higher  Education  and  Scientific 
Research  for  a  maintenance  grant. 
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THEORY  OF  THERMAL  CONDUCTIVITY  IN  MOLECULAR  CRYSTALS.  APPLICATION  TO 
ALCALI  CYANIDES 

U.  Bauemfeind,  J.  Keller  and  U.  Schroder 

Institut  fUr  Theorefrieohe  Physik,  Universit&t  Regensburg,  D-8400  Regensburg, 

f.r.g. 


Abstract . -  He  investigate  the  influence  of  coupling  between 
translational  and  rotational  notion  on  the  thernal  conduc¬ 
tivity  of  Molecular  crystals  and  present  results  for  KCN. 


In  this  paper  we  report  on  calculations  of  the  theraal  conduc¬ 
tivity  of  KCN,  the  prototype  of  a  Molecular  crystal  with  rotational 
Motion  of  Molecular  groups.  He  will  show  that  the  interaction  between 
translational  and  rotations'^  Motion  is  a  very  effective  relaxation 
Mechanise  for  the  heat  current  and  nay  reduce  the  thernal  conductivity 
to  values  as  found  in  anorphous  Materials. 

1 

In  our  calculations  we  use  a  Model  proposed  by  Michel  for  the 
interaction  between  translational  and  rotational  notion.  At  T  =  168  K 
KCN  undergoes  a  phase  transition  to  an  orthorhonbic  phase  where  the  CN 
Molecules  are  ordered  pref erent ial ly  in  the  {110}  direction2.  In  our 
calculation  we  restrict  ourselves  to  the  high  tenperature  phase  where 
the  crystal  is  cubic,  and  we  treat  the  CN  Molecules  as  free  rotators. 

The  theraal  conductivity  X  defined  by  J  =  -AVT  can  be  calculated 
froa  the  following  correlating  function  (Kubo  fornula) 


l  in 

f-*0 


•“’I 


d k  <ja(0>  ja(t  +  iic)> 


(1) 


Here  j_  *  j_<q*0)  is  the  heat  current  operator. 

Q  01 

The  relaxation  function  C 1 >  is  nost  conveniently  evaluated  by 
using  a  Hori-Zwanzig  projection  technique^. 

y  ,4  -  *  '  •*  '  'O'  '  *♦  t.  •  •» 

The  result  is  , 


where  the  static  current  susceptibility  is  defined  by 


<W  ■  I  *V0>  ** 

>L  1*3  c  V  >  l 


42) 


1  <30 
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and  the  memory  function  M  is  given  approximately  by  the  relaxation 
function  of  the  time  derivative  of  the  heat  current  =  [H,j^] 


N 


lim  f  dt  e  £t  f  dtc  <A+(0)A  Ct+ix)> 

£-°  l  i  Y  Y 


(4) 


For  the  molecular  crystal  KCN  we  use  the  following  model  Hamiltonian 


p  ^  <  *■  ) 

h  =  z  — —  +  j  z  z  t  ti  i;>u„<i>uR<i;>  + 

IN  2BK  2  1X0  I'x'B  K  K  °  K  P  * 


L2<i>  a  5  „  i 

+  Z  — 5T”  ♦  v"  ♦  Z  Z  Y2<i)  v  ti  (?) 
l  21  o=1  l no  2  2  na  a  1 


(5) 


Here  the  last  term  is  the  interaction  between  the  translations  u(|)  of 
K  and  the  orientations  Y^f^)  °i  neighbouring  CN  molecules  described  by 
spherical  harmonics. 

From  a  suitable  definition  of  the  energy  density  hlr)  and  its 
continuity  equation  the  following  expression  for  the  heat  current  is 
obtained 


Here  we  have  written  down  only  the  current  carried  by  phonons  which 
is  expected  to  give  the  largest  contribution  to  the  thermal  conduc¬ 
tivity.  For  the  calculation  of  the  memory  function  H  we  also  need  the 
time  derivative  of  7  :  1  It  is  of  the  form  A  ~  Y  .  u.  For  the 

evaluation  of  the  correlation  function  in  (4>  we  use  a  mode  coupling 
procedure  by  writing 

<Y(t)u(t)Y(0)u(0)>  -  <Y(t)V'C;>  <u(t>u(0»  ( 7 ) 

For  a  first  estimate  of  X  the  phonon  propagator  <u(t>u(0)>  and  the 
static  current  susceptibility  (j|j)  are  evaluated  in  a  Debye  model, 
and  for  <Y(t)Y(0)>  the  correlation  function  of  a  free  rotator  is  used. 

The  resulting  thermal  conductivity  Ap  is  shown  in  Fig.  1.  Its 
temperature  dependence  is  determined  by  the  Debye  temperature 
<D|  *  192  K)  and  the  typical  excitation  energy  of  a  rotation  Erot  * 
<kBT*1»2/2I»1k  ■  32CT/e0)^  K  where  I  is  the  moment  of  inertia  of  KCN. 
The  magnitude  of  A  is  determined  by  the  coupling  constants  v  between 
rotational  and  translational  motion.  They  can  be  expressed  by  two 
constants  C ,  D  (see  Eq.  2  of  Ref.  4)  which  ha^ve  boon  determined  by 
a  fit  to  the  elastic  constants:  C  «  1630  K/8,  D  «  860  K/j). 
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Fig .  1 :  Temperature  dependence 
of  the  thermal  conductivity  in 
the  cubic  phase  of  KCN. 

Xrot:  thermal  conductivity  re¬ 
sulting  from  coupling  between 
translational  and  rotational 
mot i on, 

XKCi:  experimental  result  for 
KCl  (also  shown  in  the  insert 
for  a  larger  temperature 
range), 

X:  predicted  thermal  conduc¬ 
tivity  for  KCN. 


For  a  realistical  calculation  of  the  thermal  conductivity  we  also 
have  to  consider  enharmonic  interactions  in  the  translational  motion 
(Umklapp  processes).  In  order  to  get  an  estimate  of  this  effect  we 
compare  krot  with  the  experimental  result  XKCl  for  pure  KCl5.  The 
total  thermal  conductivity  X  shown  in  Fig.  1  is  then  obtained  by 

X  *  Xrot  *  XKCl* 

Our  result  shows  that  in  a  medium  temperature  range  T  *  e 0  the 
relaxation  of  the  heat  current  is  dominated  by  the  interaction  of 
phonons  with  rotations,  whereas  at  high  temperatures  anharmonic  Um¬ 
klapp  processes  are  most  important.  Our  result  has  to  be  considered 
as  an  upper  bound  to  the  thermal  conductivity  of  KCN  above  the  phase 

transition  temperature  T  . 
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PHONON-DISLOCATION  DIPOLE  INTERACTION  IN  LiF  AT  LOW  TEMPERATURE 
G.A.  Kneezel  and  A.V.  Granato* 

Xerox  Webster  Research  Center,  Webster,  New  York,  U.S.A. 

*  University  of  Illinois,  Urbana,  Illinois,  U.S.A. 


Abstract.-We  compare  the  effects  of  isolated  dislocations  and  a  somewhat  larger  density 
of  edge  dislocation  dipoles  on  thermal  conductivity,  specific  heat,  and  ultrasonic  velocity 
and  attenuation  In  alkali  halides  such  as  UP.  The  motivation  for  this  study  is  to  check  the 
implicatione  of  earlier  work  where  it  was  demonstrated  that  the  effect  of  deformation  on 
thermal  conductivity  in  LiF  could  not  be  accounted  for  by  dynamic  scattering  try  a 
dislocation  density  equal  to  the  etch  pit  density,  but  could  be  fit  assuming  scattering  was 
due  to  the  "optical"  mode  of  vibration  of  a  much  larger  density  of  dislocation  dipoles. 


By  irradiating  previously  deformed  LiF  [110]  rods  and  remeasuring  the  thermal  conductivity, 
Anderson  and  co-workers1*2  have  demonstrated  that  the  scattering  of  phonons  by  dislocations  is 
predominantly  dynamic--at  least  below  2  K.  Although  their  results  were  qualitatively  inconsistent 
with  static  strain  field  scattering  they  were  also  not  quantitatively  fit  by  previous  calculations  of 
dynamic  scattering  effects.  We  undertook  a  calculation3*4  based  on  the  vibrating  dislocation  string 
model5  and  taking  into  account  several  details  which  others  have  neglected-including  phonon 
focusing,  resonance  angle  effects,  and  the  resolved  shear  stress  factor  for  each  Incident  phonon- 
and  confirmed  that  dynamic  phonon  scattering  by  Isolated  dislocations  of  a  density  A  equal  to  the 
etch  pit  density  could  not  account  tor  observed2  effects. 

It  became  clear  that  the  defect  raaponsibie  tor  scattering  was  a  dislocation-like  defect  having 
a  higher  resonant  frequency  (with  a  broader  distribution  of  resonant  frequencies)  and  present  In 
larger  numbers.  These  conditions  are  met  by  the  dislocation  dipole,  which  is  a  pair  of  dislocations 
of  opposite  signs  on  glide  planes  a  distance  depart.  Dislocation  dipoles  are  predominantly  of  edge 
character,  as  screw  dislocations  of  opposite  sign  cross  glide  and  annihilate.  Because  the  members 
ol  the  dipole  attract  each  other  there  is  a  restoring  force  Dy  when  the  dislocations  move  in  opposite 
directions  (the  optical  mods  of  vibration)  so  that  the  equation  of  motion  is 

'  Ad^/dt2  +  Bdy/dt-Cd^/dx2  ♦  Dy  «b*ooe(kx-«t).  (i) 

The  optical  resonant  frequency  of  the  mth  normal  mods  is 

•cp(m)  -  (u^m)  ♦  D/A)1'2  -  [(mVC/L2A)  ♦  (Qt^/ZvAd-r^]1'2  (2) 

where  Is  the  acoustical  mode  resonant  frequency,  A  lathe  eWecthte  mass,  Bis  the  damping 

constant,  Cte  the  Hne  tension,  s  Is  the  resolved  sheer  stress,  Us  the  length  between  pinning  points, 
b  is  Ihe  burgers  vector,  and  r  is  Poisson’s  ratio.  Thus  the  optical  rhods  frequency  is  higher  than  the 
acoustical  mode  frequency,  especially  for  narrow  dipoles.  Long  wavelength  (A»d)  stress  waves 
eudle  only  the  optical  mode  of  vibrations  because  the  dislocations  have  opposite  signs. 

Dislocation  dtootea  am  beaoved  to  grsaBy  outnumber  Isolated  dislocations  In  deformed 
crystals.  A  reasonable  ratio  appears  to  be  10-100,  distributed  primarily  at  dipole  widths  of  3b  to 
SXXfi  wtih  most  tuMng  widths  loss  than  a  few  hundred  Angstroms  so  that  they  are  not  easily 
qjwowooywqrDnwicrotoopyof  icn  pinwg  wcnnuuii.  a  ownuuron  oj  inn  lypt  [v  jipow 


width  nb)  is  the  exponential  distribution  A(n)  a  a0  exp(-(n-3)/N0)  for  n>3.  The  observed  thermal 
conductivity  effects2  were  fit  by  assuming  N0  =  00  and  a  Koehler  distribution6  of  lengths  with 
average  loop  length  equal  to  the  uttrasonicalfy  determined  value7  of  2  x  10'6  cm.  If  all  dipoles  are 
on  the  (1 10)  planes  perpendicular  to  the  rod  axis  it  is  found4  that  7.5  x  10®  cm'2  dislocations  paired 
into  dipoles  are  required  in  order  to  fit  the  observed  effects.2  However  if  some  fraction  of  the 
dipoles  are  on  tiie  other{l  10}  planes  which  scatter  the  predominant  heat  carrying  phonons  along 
[1 10]  LiF  rods  more  effectively,  then  less  dipoles  are  required.  Because  of  the  type  of  deformation 
used2  most  dislocations  and  dipoles  are  expected  to  be  on  (1 10)  so  that  the  number  of  dipoles 
required  to  fit  the  thermal  conductivity  data  is  1 0-30  times  the  observed  etch  pit  density. 

Vibrating  dislocations  and  dipoles  are  expected  to  contribute  to  the  specific  heat  of  a 
deformed  crystal.  The  contribution  by  isolated  dislocations  (and  also  by  the  acoustical  mode  of 
dipoles  which  obeys  the  same  equation  of  motion)  at  temperatures  above  T0=  a«1  /kg  is8 

Cac  *  *2pAa2NkBT /3Z6  (3) 

where  is  the  lowest  normal  mode  frequency,  a  is  the  lattice  vector,  Z  is  the  number  of  atoms  per 
unit  cell,  a  is  the  Debye  temperature  (723  K  in  LIF)  and  p  is  the  average  sound  velocity  divided  by 
du/dk  for  the  dislocation  modes.  At  lower  temperature  the  contribution  fails  off  exponentially.  For 
a  delta  function  dislocation  length  distribution  L  ■  2  x  10'6  cm  in  UF,  T0~.5  K  and 

CgQ  ~  2.0  x  10'1 6ANkgT/a.  (4) 

This  same  asymptote  is  approached  at  higher  temperatures  by  the  dipole  optical  mode  contribution 
Cop.  This  can  be  seen  from  equation  (2)  in  that  for  the  higher  order  modes  (m»l )  “op~“ac-  For  a 
delta  function  distribution  L*  2  x  1 0‘6  cm  and  d*  00b,  T0~1.5  K. 

The  background  to  which  Cpp  and  CK  must  be  compared  is  the  lattice  specific  heat  at  low 
temperature  CL-234Nkg(T/#)3.  Because  of  their  Unear  temperature  dependence  Vie  vibrating 
dislocation  dipoles  make  their  largest  relative  contribution  at  low  T.  AM  K  the  asymptotic  dipole 
contributions  ate  leas  then  1  %  of  the  total  specific  heat  for  A  »  7.5x10^  cm'2.  At  lower 
tsmparahasa  the  linear  asymptotic  expression  is  notongar  vend  and  a  numerical  calculation  of  the 
dipole  contributions  to  tha  apeoific  hast  was  perfomed  with  two  objectives:  1)  observe  the  form  of 
the  curves  below  the  asymptote,  and  2)  determine  Iho  effect  of  assuming  exponential  distributions 
of  dipole  lengths  and  widths  sale  the  thermal  conductivity  calculations.4 

For  a  delta  function  distribution  of  lengths  and  widths  it  was  found 
that  the  asymptote  (4)  was  approached  to Wrtthln  about  10%  by  CK  and 
Cgp  around  A  K  and  1JJ  K  as  expected.  The  results  of  the  calculations 
incorporating  the  exponential  distributions  of  lengths  and  widths  are 
shown  ta  figure  1  assuming  A  «  7,5x10®  cm'2.  Relative  to  the  delta 
function  case,  it  is  found  mat  is  increased  at  aU  temperatures  while 
Cpp  Is  Increased  below -.3K  and  decreased  above  3K.  In  the 
approximately  linear  reg}me  above  1  K,^  ♦  ~  (1.5  +  i.0)xl0'e 

NkgT/tf.  AM  K  the  dipole  contribution  for  that  detect  density  is  ~  .6% 
oi  ina  mm  comnounon  am  « reartar  wmpafwuraina  ivmw 
octwtoudoo  ia  pTvponajnar  10  1/ 1  .  1  mi  oomwpw  wvm  faoam 
cxpinnwntii  wxwtmm  no  cnangi  mm  QOifryva  ^lo  wmifli  um 

1%  axparimantal  accuracy)  In  tha  apacNic  halt  of  a  aampta  daforvnad 
tn  comp*aaaloo  by  445%. 
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Comparison  of  the  predicted  effects  of  dipoles  and  isolated  dislocations  can  also  be  made  for 
ultrasonic  velocity  and  attentuation.  In  particular  the  relative  velocity  change  Av/v  is  proportional 
to  1  /u-| 2  and  the  logarithmic  decrement  A  is  proportional  to  u2/uf4  for  *>«ui .  For  dipoles  only 
the  optical  mode  of  vibration  is  expected  to  be  excited  by  the  long  wavelength  stress  waves. 
Numerical  calculations  were  made  to  compare  the  effects  of  a  Koehler  distribution  of  screw 
dislocations  (L  =  2  x  10*5  cm)  and  of  the  edge  dipole  distribution  used  in  fitting  thermal  conductivity 
measurements  (L»2x  10*5,  N0  a  60).  Normalized  to  the  same  defect  densities  it  was  found  that  the 
screw  dislocation  contribution  was  10  times  greater  for  Av/v  and  100  times  greater  for  A  than  the 
edge  dipole  contributions.  If  die  dipole  density  is  an  order  of  magnitude  greater,  dipole  effects 
should  certainly  be  observable- although  not  dominant.  Irradiation  pinning  experiments  should 
especially  be  able  to  discriminate  between  dislocation  and  dipole  contributions  because  of  the 
dislocations  is  proportional  to  1  /L  while  that  of  the  dipole  is  given  in  equation  (2).  The  length  varies 
during  irradiation  according  to  the  relation10 

L*Lq/(1  +  fit).  (5) 

Thus  the  time  dependence  of  the  velocity  and  attenuation  changes  during  irradiation  pinning 
should  be  less  rapid  if  dipole  effects  are  important.  For  an  UF  sample  deformed  in  [001] 
compression  and  measured  by  10  MHz  longitudinal  waves  at  4.2  K  the  irradiation  pinning  results7 
suggest  that  there  are  not  an  order  of  magnitude  more  edge  dipoles  than  screw  dislocations. 
However  for  this  sample  the  deformation  was  much  less  so  that  the  dislocation  density  was  about  1 
x  10"®  cm*2,  and  ft  is  likely  that  the  dipole  density  and  width  distribution  is  somewhat  different  for 
small  deformation. 

In  conclusion  we  have  considered  the  implications  of  assuming  a  large  density  of  edge 
dipoles  (previously  deduced  from  thermal  conductivity  measurements)  on  the  specific  heat  and 
ultrasonic  velocity  and  attentuation  In  UF.  We  have  found  the  specific  heat  is  relatively  insensitive 
to  dislocations  and  dipoiee  in  the  expected  densities.  We  also  found  that  Irradiation  pinning 
ultrasonic  measurements  should  show  the  optical  mode  effects  of  edge  dipoles  if  they  are  In  fact 
present  In  numbers  an  order  of  magnitude  greater  than  isolated  dtstocatkms-  Such  measurements 
should  be  carried  out  on  specimens  deformed  by  a  few  percent.  If  possible  it  would  be  useful  to 
measure  the  thermal  conductivity  effects  on  the  same  sample.  In  this  case,  kitohertz  ultrasonic 
measurements  would  be  more  applicable  to  the  typically  rod-shaped  thermal  conductivity  samples. 
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PHONON  CONDUCTIVITY  DUE  TO  NONDIAGONAL  ENERGY-FLUX  OPERATOR 


G.P.  Srivastava 

Physics  Department,  The  Hew  IMiverei ty  of  Ulster,  Coleraine,  N.  Ireland  BTS2 
ISA,  U.K. 


Abstract.  Using  the  Zwanzig-Mori  projection  operator  method  we 
present  calculations  of  renormalised  phonons  and  their  contribu¬ 
tion  to  the  thermal  conductivity  of  Ge  from  the  nondiagonal  part 
of  the  heat-flux  operator  given  by  Hardy. 


Recently  we1  have  used  the  Zwan2ig-Mori  projection  operator  method  to 
obtain  expressions  for  the  lattice  thermal  conductivity  of  an  anhar- 
monic  crystal  from  the  diagonal  and  nondiagonal  parts  of  the  heat-flux 
operator  given  by  Hardy2 .  In  the  van  Hove  limit  the  diagonal  contri¬ 
bution  is  the  well  known  single-mode  relaxation  time  result5,  in  which 
only  the  true  phonon  frequency  appears.  But  the  nondiagonal  contribu¬ 
tion  includes  renormalised  phonons,  with  shifted  frequencies.  Here  we 
present  results  of  our  calculations  of  renormalised  phonons  and  their 
contribution  to  the  thermal  conductivity  of  Ge  from  the  nondiagonal 
part  of  the  heat-flux  operator. 

In  the  notation  of  Ref.  1  the  expressions  for  the  diagonal  and 
nondiagonal  contributions  to  the  lattice  thermal  conductivity  are  as 
follows 
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Here  i  =  (q,s),  j  =  <q,s'),  “i±j  =  ,  A±^  h  Im(61)  -  Im(6j)  =  A1  -  Aj 

=  Re(6i)  +  Re ( 6  j )  =  i (tT* +1^ 1 ) , 

and  Z  =  c+gg,  is  a  generalised  group  velocity.  and  are 

the  frequency  shift  and  the  inyerse  relaxation  time  of  a  phonon  in 
mode  i  and  are,  respectively,  calculated  from  the  imaginary  and  real 
parts  of  6 ^  where 
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-1 

*2 


^dt  <cri(t)  ,rii>oei“t, 
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with  ri  as  a  measure  of  cubic  anharaonicity :  H  =  Hharm  +  l  T  A  .  As 
in  our  previous  paper  in  these  proceedings  we  express  r,  in  terms  of 
the  Griineisen  constant  of  the  material 
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Kith  equations  v4-6)  and  a  little  bit  of  algebra,  we  can  express  6^ 
for  three  phonon  processes  as 
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Prom  this  A_  and  i~l  can  be  evaluated  using  the  relation 
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where  P  denotes  the  principal  part.  It  is  interesting  to  note  that 
t-1  calculated  in  this  way  is  the  same  as  the  result  obtained  using 

°  3  % 

the  first  order  perturbation  method  '  . 

In  Fig.  1  we  have  plotted  Ag  and  t”  for  the  longitudinal  mode  at 

300  K.  Although  t~ 1  is  an  increasing  function  of  frequency,  Ag  shows 

a  pronounced  structure  at  u  *v  25  x  IQ-1 2  s  1 ,  Wt  find  that  in  general 

A  >  t-1  and  (w  +A  )  >>  t  -1 ,  implying  that  a  pseudoharraonic  model*  is 
q  (j  q  q  q 

a  good  description  for  phonons  in  Ge.  Furthermore,  our  calculations 
show  that  is  negligibly  small  in  comparison  to  in  the  tempera¬ 
ture  range  10-900  K.  A  similar  conclusion  was  reached  by  Hardy2,  and 
Semwal  and  Sharma*  using  qualitative  arguments. 


W  THz 


Fig .  1 :  The  inverse  relaxation  time  (t  *)  and  frequency  shift  (A) 
for  the  longitudinal  acoustic  phonon  mode  in  Ge  at  300  K  as  a  function 
of  frequency  (w) . 
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CONTRIBUTION  OF  LOW-FREQUENCY  LONGITUDINAL  PHONONS  TO  THE  LATTICE 
THERMAL  CONDUCTIVITY  OF  DIELECTRIC  SOLIDS 


R.  Brito-Orta  and  P.G.  Klemens 

Dept,  of  Physios  and  Inst,  of  Material  Scienoe,  Unit,  of  Connecticut,  Stovre, 
CT  06268,  U.S.A. 


Abstract.-  Contributions  of  low-frequency  longitudinal  phonons 
to  the  lattice  thermal  conductivity  are  estimated  using  the  Po- 
meranchuk  mean  free  path  and  a  cut-off  given  by  the  Akhieser 
theory.  The  temperature  dependences  are  compared  with  data  for 
rubidium  halides,  germanium  and  silicon. 


1.  Introduction . -  Restrictions  of  frequency  and  wave-vector  conserva¬ 
tion  in  three-phonon  anharmonic  processes  forbid  low-frequency  longi¬ 
tudinal  phonons  to  interact  directly  with  thermal  phonons.  This 
lengthens  their  mean  free  path  and  causes  them  to  make  a  large  con¬ 
tribution  to  the  lattice  thermal  conductivity.1  However,  at  very  low 
frequencies,  i.e.  at  u»<u>c=l/ Tth,  where  Tth  is  the  relaxation  time  of 
thermal  phonons,  the  conservation  conditions  are  relaxed,  and  longi¬ 
tudinal  and  transverse  phonons  have  essentially  the  same  mean  free 
path.2  The  excess  contribution  of  longitudinal  phonons  increases  the 
temperature  dependence  of  the  lattice  thermal  conductivity. 

The  present  treatment  is  confined’  to  temperatures  above  the  De¬ 
bye  temperature . 

2.  Phonon  Mean  Free  Path.-  For  frequencies  above  wc  longitudinal  pho¬ 
nons  are  scattered  in  a  two-step  process.  First  they  participate  in  a 
three-phonon  normal  process  with  transverse  phonons  of  about  their 
own  frequency.  The  transverse  phonons  then  interact  with  phonons  of 
thermal  frequency.  The  mean  free  path  of  a  longitudinal  phonon  of 
frequency  w  and  velocity  Vj,  as  limited  by  the  first  process,  is  es¬ 
timated1’3  as 

tjXl/10  *2y2)<T0/T)<wd/ui)2  Vjto iD/u2  (1) 

where  y  is  the  Gruneisen  constant,  the  Debye  frequency  and 

TQ=Mv2/k,  where  M  is  the  average  atomic  mass  and  k  the  Boltzmann 

constant.  The  mean  free  path  of  a  transverse  phonon  of  frequency  u 

.  14 

and  velocity  v^j,  as  limited  by  the  second  process,  is 
ln=(B/2Y2)(To/T)  vnwD/w2 


(2) 
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where  B  is  a  coefficient  of  order  unity  which  depends  on  the  struc¬ 
ture  of  the  crystal  and  on  the  form  of  the  dispersion  curves.  It 
will  be  treated  as  an  empirical  parameter.  Thus,  the  total  mean  free 
path  of  the  longitudinal  phononB  is  4j=*'2+11II *  That  of  the  trans¬ 
verse  phonons  is  simply 

Below  <iic  the  picture  of  interactions  between  individual  phonons 
is  no  longer  valid.  A  phonon  of  very  low  frequency  interacts  with 
all  other  phonons,  as  in  the  Akhieser  theory  of  the  deformed  gas  of 
thermal  phonons,  and  the  mean  free  paths  of  longitudinal  and  trans¬ 
verse  phonons  are  of  comparable  magnitude ,  independent  of  tempera- 

2  3 

ture  and  approximately  given  by  * 

iA=10  v«D/w2  (3) 

where  v  is  an  average  velocity. 


3.  The  Thermal  Conductivity.-  Given  the  previous  considerations,  and 
using  a  Debye  model  for  the  spectral  specific  heat  C(«),  with 
Vj=Vjj=v  for  simplicity,  the  kinetic  theory  expression  for  the  lat¬ 
tice  thermal  conductivity  may  be  written  as 


i  rc  i  (  » 

X  =  g-  j  C(w)viAdw  +  j  J  C(w)vAIIdu 


X 


CjCuJvijdw 


(4) 


where  Cj(.u)=C(u)/3 .  Taking  »  sv/Ajj(i#u)«(1/2By*)(T/T  )«jj  and  substi¬ 
tuting  the  expressions  for  iA,  Aj  and  tjj  into  Eq.  (4)  we  find 


X  =  XQ  +  <l/30ir2Y2)(To/T)Xo  +  e 


(5) 


where 


XQ  =  (3B/2Y2)(kv2/a3wD)<T0/T)  (6) 

is,  except  for  the  constant  B,  the  thermal  conductivity  derived  by 

.  .  .,4  3 

Leibfrred  and  Schlomann,  and  a  is  the  volume  per  atom. 

The  second  term  in  Eq.  (5)  gives  the  additional  contribution  of 
the  longitudinal  phonons  due  to  A^.  The  last  term  e,  roughly  propor¬ 
tional  to  T,  is  usually  small  but  may  be  appreciable  at  very  high 
temperatures  for  solids  of  appropriately  high  melting  point.  It  is 
a  result  of  AA  being  the  mean  free  path  of  all  phonons  of  frequency 
below  wc. 


4.  Comparison  with  Experiments.-  The  deviation  of  X  from  the  1/T  be¬ 
havior  at  high  temperatures  is  in  part  due  to  thermal  expansion.  The 
remaining  part  has  often  been  ascribed  to  four-phonon  processes. 
However,  four-phonon  processes  are  too  weak,  and  we  attribute  the 
remaining  deviation  to  the  second  term  in  Eq.  (5).  Using  that  equa- 
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tion,  with  \0  corrected  for  thermal  expansion,  we  have  calculated 
the  thermal  conductivities  of  RbBr,  Rbl,  and  RbCi,  and  we  have  com¬ 
pared  them  to  recent  measurements-,4  5 6  those  of  Ge  and  Si  were  similar- 

g 

ly  compared.  Selected  ratios  with  respect  to  a  reference  tempera¬ 
ture  are  shown  in  the  table  below.  The  theory  seems  to  give  agree¬ 
ment  with  observed  temperature  variations  except  for  Ge  (and  for  Si 
at  temperatures  higher  than  1100  K.).  However,  no  correction  has 
been  attempted  for  a  possible  electronic  component. 

One  of  us  (R.B.O)  is  on  leave  of  absence  from  the  Universidad 
Autonoma  de  Puebla,  Mexico,  and  acknowledges  support  by  CONACYT 
(Mexico) . 


RbBr 

Rbl 

RbCJl 

Ge 

Si 

Tr(K) 

360 

360 

360 

600 

600 

TOO 

280  160 

280  160 

280  160 

800  1100 

800  1100 

Exp. 

1.47  3.09 

1.38  2.86 

1.43  3.00 

0.72  0.63 

0.67  0.44 

Calc. 

1.40  2.98 

1.39  2.91 

1.39  2.95 

0.68  0.46 

0.67  0.43 

Table  1:  Experimental  and  calculated  values  of  A(T)/A(TR). 
References. 

1  I.  Pomeranchuk,  J.  Phys .  (USSR)  4,  259  (1941). 

2  A.  Akhieser,  J.  Phys.  (USSR)  1,  277  (1939). 

3  *— 

P.G.  Klemens,  in  Physical  Acoustics,  Ed.  W.P.  Mason,  vol.  3B, 

Academic  Press,  New  York  (1965),  pp  201-234. 

4 

G.  Leibfried  and  E.  Schlomann,  Nachr.  Akad.  Wiss.  Gottingen, 
2a(4),  71  (1954). 

®  J.P.  Moore,  R.K.  Williams,  and  R.S.  Graves,  Phys.  Rev.  B  11, 
3107  (1975). 

6  C.J.  Glassbrenner  and  G.A.  Slack,  Phys.  Rev.  134 ,  A1058  (1964). 


JOURNAL  DE  PHYSIQUE 

Colloque  C6,  supplement  au  n°12,  Tom  42,  dAoenbre  1981 


page  C 6-259 


DETECTION  OF  ACOUSTIC  ZONE-BOUNDARY  PHONONS  BY  PHONON  DIFFERENCE 
ABSORPTION 

H.  Lengfellner  and  K.F.  Renk 

Inatitut  fUr  Angewandte  Phyeik,  Vniversitdt  Regensburg ,  8400  Regensburg,  F.R.G. 


Abstract.-  A  new  method  for  detection  of  zone-boundary  phonons 
is  reported.  Phonons  are  detected  by  phonon  difference  ab¬ 
sorption  of  far-infrared  laser  radiation.  We  present  experimen¬ 
tal  results  obtained  for  T1C1  and  TIBr  crystals.  Phonons  are 
generated  by  nonradietive  transitions  in  optically  excited 
crystals.  Our  experiments  indicate  long-lived  zone-boundary 
phonons  at  low  crystal  temperature  and  a  strong  decrease  of 
the  phonon  lifetime  with  increasing  temperature. 


1 .  Experiment.-  Phonon  difference  absorption  is  used  to  detect  zone¬ 
boundary  phonons  in  T1C1  and  TIBr  crystals.  The  principle  of  this  new 

method  of  detection  of  high-frequency  phonons 
has  recently  been  published1  and  is 
characterized  in  Fig . 1 .  The  population  of 
transverse  acoustic  phonon  states  is  deter¬ 
mined  by  far-infrared  phonon  difference  ab¬ 
sorption  .  In  a  phonon  difference  process  a 
transverse  acoustic  phonon  (TA  in  Fig.1)  is 
annihilated  and  a  longitudinal  acoustic  phonon 
(LA)  is  generated.  The  two  phonons  have  the 
same  wave  vector.  The  absorption  coefficient 
is  proportional  to  the  difference  of  the 
occupation  numbers  of  TA  and  LA  phonon  states. 

Phonons  are  generated  by  radiationless 
processes  induced  by  optical  excitation  of  the 
crystal.  The  radiationless  processes  lead  to 
generation  of  high-frequency  phonons  which  decay  rapidly  in  TA 
phonons  of  the  lower  phonon  branches.  The  optical  absorption  is  due 
to  impurity  states  of  unknown  origin.  Fox  tits  optical  excitation 
second  harmonic  radiation  of  a  MdiYAS  lamer  is  used. 

The  phonons  are  detected  by  tiae-renolved  far- infrared  laser 
spectroscopy.  The  radiation  of  a  HCM  laser  with  emission  at  a  fre¬ 
quency  of  0.89  TBs  is  transmitted  through  the  optically  excited 


Fig.1.  Principle  of 
phonon  detection. 
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crystal  volume  (typically  2  mm  dimeter  and  4  mm  thickness).  The 
transmitted  laser  radiation  is  detected  with  a  fast  InSb  detector 
(time  resolution  0.7  us).  The  phonon  induced  change  of  sample  trans¬ 
mission  leads  to  a  time  dependent  detector  signal  which  is  analyzed 
by  a  transient  recorder  and  averaged  with  a  computer. 

The  far-infrared  laser  radiation  is  absorbed  mainly  by  phonons  at 

the  zone-boundary  as  has  been  shown  by  far-infrared  absorption  ex- 

2 

per intents  at  different  crystal  temperatures.  The  TA  phonons  in- 

2 

volved  in  the  absorption  process  have  frequencies  near  1  THz. 


2.  Results . -  We  find  that  the  optical  phonon  generation  leads  to  a 
reduction  of  sample  transmission.  Experimental  signal  curves  obtained 
for  different  crystal  temperatures  are  shown  in  Fig. 2.  At  low  crystal 
temperature  (Ti  5  K)  we  find  after  the  optical  excitation  a  signal 
that  decreases  with  a  nonexponential  slope.  An  analysis  of  the  decay 
curve  at  longer  times  (not  shown  in  Fig. 2)  indicates  that  a  nonther- 
mal  phonon  population  is  maintained  for  about  100  us.  After  this  time 
thermal  equilibrium  in  the  optically  excited  crystal  volume  is 
established.  The  decay  curve  (lower  curve  in  Fig. 2)  can  be  described 


T.13K 


Fig. 2.  Far- Infrared 
absorption  at  0.89  THz 
after  optical  excitation 
of  a  Ticl  crystal. 


by  two  exponential  curves ,  where  the  fast  decay  has  a  time  constant 
of  about  5  (is.  At  higher  temperatures  the  decay  time  of  the  fast 
decay  decreases  with  increasiag  temperature,  at  13  K  (upper  curve  in 
Fig. 2)  the  fast  decay  occurs  within  1.5  ns.  After  the  fast  decay,  the 
signal  curves  reach  an  almost  constant  slope.  Our  results  indicate 
that  at  higher  temperatures  thermal  equilibrium  is  established  very 
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fast  and  that  heat  diffusion  out  of  the  excited  volume  occurs  very 
slowly.  He  think  that  the  fast  signals  are  due  to  long-lived  TA 
phonons.  Our  results  indicate  that  the  TA  phonons  have  a  lifetime 
of  a  few  microseconds  at  low  ten^erature  and  that  the  lifetime  de¬ 
creases  strongly  with  increasing  temperature. 

The  temperature  dependence  of  the  phonon  lifetime  is  shown  in 
Fig. 3  for  T1C1  and  TIBr  crystals.  We  find  th't  the  lifetime  for 
TIBr  has  a  stronger  decrease  than  the  lifetime  for  Tlcl. 


Fig. 3.  Lifetimes  of 
zone-boundary  phonons 
in  T1C1  and  TIBr. 


3.  Discussion.-  According  to  nonlinear  elasticity  theory  for  isotropic 
dispersionless  solids  '  '  high-frequency  LA  phonons  have  short  life** 
times  at  low  crystal  temperature  due  to  enharmonic  spontaneous  decay, 
while  TA  phonons  are  not  allowed  to  decay  spontaneously.  At  higher 
temperatures  TX  phonons  can  decay  by  the  interaction  with  thermal 
phonons.4  Our  results  can  qualitatively  be  explained  by  the  nonlinear 
elasticity  theory.  We  attribute  the  lifetime  at  low  temperature  to 
mode  conversion  of  the  TA  phonons  into  LA  phonons  caused  jby  impurity 
scattering.  At  higher  temperatures  we  obtain  an  additional  decay 
mechanism  caused!  by  the  interaction  with  thermal  phonons.  Our  results 
aret  in  qualitative  agreement  with  predictions  of  theory.4 

1  Lengfellner,  H.  and  Rank,  K.F.,  Phys. Rev. Lett.  4£,  1212  (1981). 

2  Lengfellner,  H.,  Rindt,  R. ,  and  Renk,  K.F.,  j.Phys.B  19,  11  (1980). 

3  Slonimekli,  G.L.,  8h.Ekep.Tmor.Fis.  2'  1*57  (1937). 

4  Or  bach,  R.  and  Vrmdevom,  L.A. ,  Physics  92  (1984). 

5  Klemens,  P.6. ,  J.Appl.Phys.  38,  4573  (1967). 
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TWO-MAGNON-ONE-PHONON  SCATTERING  IN  THE  LATTICE  THERMAL  CONDUCTIVITY  OF 
MAGNETIC  INSULATORS 


G.S.  Dixon 

Oklahoma  State  University,  Stillwater,  OK  78078,  U.S.A. 


Abstract.-  A  simple,  but  general  model  of  magnon -phonon  scattering  as  an  ex¬ 
tension  of  linear  spin-wave  theory  is  presented.  Both  resonant  one  magnon - 
one-phonon  and  two-magn on -one -phonon  scattering  processes  are  considered. 

The  former  are  included  in  the  thermal  conductivity  by  diagonalizing  the 
magnon-phonon  Hamiltonian  to  obtain  coupled  magneto  elastic  modes.  The  two- 
magnon-one-phonon  processes  are  treated  in  the  relaxation  time  approximation. 
This  model  has  been  used  to  analyze  the  experimental  dependence  of  the  thermal 
conductivity  on  temperature  and  magnetic  field  for  several  anti ferromagnetic 
and  ferromagnetic  insulators.  For  the  materials  studied  to  date  the  two- 
magn on -one-phonon  processes  are  found  to  dominate  over  the  resonant  process. 
This  can  be  attributed  to  the  greater  width  of  the  band  of  phonon  frequencies 
affect  by  the  two-magnon-one-phonon  processes  r  In  applying  the  model  to  ex¬ 
periment  some  care  in  the  transformation  of  the  spin -Hamiltonian  of  this 
transformation  may  contain  important  contributions  to  the  magnetic  field  de¬ 
pendence. 


The  thermal  conductivity  of  magnetic  insulators  is  strongly  influenced  by 
magnon-phonon  interactions  (MPI)  which  arise  from  the  sensitivity  of  the  exchange, 
crystal  fields,  and  dipole  interactions  among  the  magnetic  ions  to  their  relative 
displacement.  To  second  order  in  the  spin  deviations  the  magnetic  Hamiltonian  has 
the  general  form1 


*  “  EXEi(m)Vi<*)Si(m)  +  £id)1li(*)  + 


Z  l 
X,v 


c*  J*  sv 

i  (m)  j  (n)  i  (m)  ui  (m)  j  (nr  j  (m) 


where  Km)  refers  to  the  ith  site  on  the  mth  sublattice  and  X,v  stand  for  +,  -  and 
z.  contains  the  terras  quadratic  in  the  spin  deviation  operators  on  the 

same  lattice  site.  Wien  truncated  to  second  order  in  the  spin  deviations,  this 
forms  the  starting  point  for  conventional  linear  spin -wave  theory.  Inclusion  of 
the  position-dependence  of  the  terms  in  A  also  gives  the  magnon  -phonon  inter¬ 
actions  (MPI)  up  to  two-ma^on  terms. 

A  general  procedure  for  such  a  treatment  of  MPI  has  recently  been  developed. 
Briefly,  one  proceeds  as  follows:  (1)  Expand  31  as  a  series  in  the  lattice  dis¬ 
placements.  (2)  Apply  the  Holstein-Primakoff  transformations2  that  diagonalize  X- 
with  all  ions  at  their  equilibrium  sites.  (3)  Obtain  the  two  magnon  -one -phonon 
(2MP)  relaxation  time*  from  conventional  perturbation  theory.  (4)  Diagonalize  the 
Hamiltonian  for  magnons  and  phonons ,  Including  one  -magnon -one -phonon  (IM1P)  terms  to 
obtain  magnetos  las  ti  c  coupled  sodas.  *  Details  of  this  procedure  have  bam  given 
elsewhere.1*' 5 
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There  are  compelling  reasons  for  using  this  or  some  similar  method  to  obtain 
the  MPI  amplitudes  and  relaxation  times  in  the  analysis  of  experimental  data.  Most 
important  is  the  strong  dependence  of  the  matrix  elements  of  the  Holstein-Prinakof f 
transformation  on  magnetic  field  whenever  the  applied  field  is  not  parallel  to  the 
sublattice  magnetization.  This  can  provide  the  dominant  field -dependence  of  the 
MPI.  Secondly,  such  a  procedure  reveals  the  connections  among  the  various  MPI 
scattering  amplitudes.  This  makes  it  possible  to  identify  cancellations  in  the  MPI 
in  high- synme try  situations,  and  to  minimize  the  number  of  potential  disposable 
parameters  when  a  modulation  of  a  small  subset  of  the  contributions  to  ,  e.g. 

isotropic  exchange,  can  be  expected  to  dominate  the  MPI. 

r  *  * 

A  comparison  of  the  thermal  conductivity  as  a  function  of  field  perpendicular 
to  the  easy  axis  to  the  results  of  this  model  is  presented  for  MnCi2*4H20  in  Fig.  1 
and  C0CI2 • 6H20b  in  Fig.  2.  Results  for  fields  parallel  to  the  easy  axis  fpr  a 
ferroaagnet5  and  an  antiferromagnet1*  have  been  presented  previously.  In  each  of 
these  cases  the  2M1P  processes  are  found  to  be; much  more  important  than  the  1M1P 
processes  due  to  the  greater  band-width  of  the  phonons  that  they  affect. 


Fig.  1  s  Magnetic-field  dependence  of 
the  thermal  conductivity  of  KnCt2*4H20 
with  the  field  and  heat  flow  perpendic¬ 
ular  to  the  easy  axis.  The  curve  is 
the  result  of  2M1P  scattering  arising 
from  exchange  modulation.  The  phonons 
are  strongly  coaled  to  the  lowest 
energy  magnon  branch,  which  is  depress¬ 
ed  by  the  field. 


(CDt/MM 
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Fig.  2  :  Magnetic-field  dependence  of 
the  thermal  conductivity  of  CoCl2’6H20 
(Ref.  6)  with  the  field  and  heat  flow 
perpendicular  to  the  easy  axis.  Hie 
dashed  curve  is  the  result  of  1M1P 
processes  reported  in  Ref.  6.  The  full 
curve  is  obtained  with  2M1P  scattering 
from  modulation  of  single-ion  aniso¬ 
tropy.  At  low  fields  this  couples  the 
phonon  to  one  magnon  on  each  branch, 
their  total  energy  being  raised  by  the 
field.  At  hi^ier  fields  the  strongest 
coupling  is  to  a  pair  of  magnons  cm  the 
lower  branch. 
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LOW  TEMPERATURE  THERMAL  CONDUCTIVITY  OF  Hgl2  SINGLE  CRYSTALS 
A.M.  De  Goer,  M.  Locatelli  and  l.F.  Nicolau* 

Service  dee  Basses  Temperatures,  Laboratoire  de  Cryophysique,  Centre  d' Etudes 
Suoliaires  de  Grenoble,  86  X,  38041  Grenoble  Cedex,  France 

*  Laboratoire  d’Elaatronique  et  de  Teahnologie  de  I'lnfomatique,  Laboratoire  de 
Crista l logendse  et  Reeherohe  but  lee  Uatdriaux,  Centre  d' Etudes  Hualdacvree  de 
Grenoble,  85  X,  38041  Grenoble  Cedex ,  France 

Abstract  -  The  thermal  conductivity  of  <*-Hgl2  single  crystals  has  been  mea- 
sured  from  50  mK  to  200  K,  and  the  results  discussed  qualitatively  and  quan¬ 
titatively.  It  Is  concluded  that  phonons  are  scattered  mainly  by  clusters  of 
interstitial  defects  due  to  the  lack  of  stoichiometry  of  the  crystals. 

Experimental  -  Several  crystals  have  been  studied,  which  were  grown  either  from  solu¬ 
tion  (LETI  crystals)  [1]  or  from  the  vapor  phase  (EGG-crystals)  [2].  The  samples  are 
parallelepipeds  of  typical  cross-section  3  mm  *  3  mm,  generally  cut  along  a-axis 
except  one  which  Is  parallel  to  c-axis.  The  deviation  from  stoichiometry  of  the 
LETI-crystals  has  been  already  studied  [3]. 

Results  and  qualitative  discussion  -  The  results  of  the  thermal  conductivity  measu¬ 
rements  from  50  mK  to  200  K  are  shown  In  flg.l.  The  main  features  of  these  results 
are  :  (1)  the  anisotropy  of  the  thermal  conductivity  K  In  the  whole  temperature 
range  (11)  the  sample  dependence  of  K  below  10  K,  (111)  the  departure  of  the  expec¬ 
ted  T3  variation  down  to  the  lowest  temperatures,  which  Is  Illustrated  in  the  K/T3 
plots  (Insert  of  flg.l).  The  calculated  values  of  K/T3  In  the  boundary  scattering 
limit  are  about  1  M  carl  K-3  and  are  not  reached  even  in  the  case  of  the  crystal 
LETI  14,  Indicating  that  phonons  are  scattered  by  structural  defects.  The  shape  of 
the  K/T3  curves  suggest  the  possibility  of  a  resonant  scattering  at  very  low  tempe¬ 
ratures  (T  <  5  10*2  K),  giving  some  evidence  of  the  presence  of  large  clusters  of 
defects,  with  typical  dimensiors  equal  or  larger  than  0.3  pm  [4], 

Quantitative  analysis  -  The  thermal  conductivity  has  been  calculated  within  the  sim¬ 
ple  Isotropic  Debye  model  [5]  : 

k  F*  *LL  fULzjj.  dx 

2«2v\1 J0  x-l(x.T) 

with  a  total  phonon  relaxation  rate  : 

t-1  -  tj-1  +  Aw1*  +  (1) 

In  a  first  step,  the  classical  contributions  from  boundary  scattering  (tb*1)  and 
isotope  scattering  (Aq  «**)  have  been  calculated,  and  the  phonon-phonon  Interaction 
term  adjusted  to  describe  the  results  In  the  Intrinsic  temperature  range  T  >  15  K 
(t^*  "  *u  “2  T  exp  (-a/oT),  with  different  values  of  by  and  a  for  samples  //a-axis 
and  //  c-axis).  The  theoretical  curve  such  calculated  for  the  sample  LETI  14  suppo- 
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Figure  1. 


Figure  2  -  Experimental  points 
o,  LETI  14  ;  X,  LETI-16  (a)  ; 
A,  LETI-16  (b).  Solid  lines 
are  calculated. 


sed  to  be  perfect  is  shown  in  fig.l.  The  experimental  results  of  all  samples  //  a- 
axis  have  been  fitted  '  1 jus ting  the  frequency  independent  term  Tg-1  and  the  point 

defect  coefficient  A.  therefore  phonon  scattering  by  structural  defects  is  descri¬ 
bed  by  the  parameters  x(.-1  »  (TB"1)exp  -  (tg"1  )calc  and  A  -  A,,.  In  the  case  of 
heat  flow  //  c-axis,  it  was  not  possible  to  achieve  a  fit  in  this  simple  way  and  it 
was  necessary  to  add  a  term  Gw2  in  the  total  relaxation  rate  (1)  ;  this  term  des¬ 
cribes  phonon  scattering  by  plane  defects  [6].  The  parameters  used  are  given  in 
table  1  and  examples  of  fits  are  Illustrated  in  fig.  2. 


TABLE  1 


Sample 

Tc'1 

(s  - 1 ) 

A-A« 

(s3) 

Nc 

(cm-3) 

A 

Irientatlon 

LETI  14 

7.8  10s 

6.10'44 

9.2  109 

0 

//  a 

LETI  13 

1.6  10* 

1.9  10-43 

1.9  1010 

0 

//  a 

EG6-S3-7 

4.6  10® 

2.6  10"43 

5.4  1010 

0 

//  a 

LETI  16  (a) 

9.7  106 

4.3  lO*43 

1.1  1011 

5.8  10-l« 

//  c 

LETI  16  U) 

1.5  107 

9.1Q*44 

1.7  1011 

2.3  10- 17 

//  c 
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In  the  limit  A  «  d,  phonon  scattering  by  large  clusters  is  described  by  a  frequency 
independent  relaxation  time  : 

V1  =  Nc  v  '  d2/4  (*) 

where  Nc  is  the  number  of  clusters  /cm3  [4],  The  values  of  t<;'1  are  larger  for 
samples  //  c-axis  than  for  those  //  a-axis  by  a  factor  2  to  10  (cf.  table  1)  so  that 
the  clusters  look  somewhat  anisotropic.  If  the  dimension  along  c-axis  is  >  0.3  urn 
as  estimated  above,  the  dimension  perpendicular  to  c-axis  would  be  1  um  or  larger, 
and  the  corresponding  cluster  density  N£  =  1.1  10IO/cm3  (from  equ.(2)). 

On  the  other  hand,  the  increase  of  the  point  defect  scattering  A-AQ,  which  is  rela¬ 
tively  small,  could  be  due  to  (i)  chemical  impurities,  (ii)  interstitials  due  to  the 
lack  of  stoichiometry  [3],  (iii)  very  small  precipitates,  in  the  limit  A  »  d.  The 
contribution  (1)  of  the  known  chemical  impurities  including  carbon  has  been  calcula¬ 
ted  from  mass  defect  alone,  and  found  to  give  the  correct  order  of  magnitude  of 
A-Aq,  so  that  the  two  other  scattering  processes  cannot  be  operative.  In  fact,  the 
contribution  (1i)  leads  to  values  of  A-Aq  about  30  times  larger  than  the  observed 
ones  so  that  the  Interstitials  (Hg  or  I2)  cannot  be  Isolated  even  in  the  best  crys¬ 
tals.  Me  suggest  that  the  large  defects  discussed  above  are  clusters  of  such  inters¬ 
titials.  From  the  s*udy  of  the  stoichiometry  of  the  crystals  [3],  the  number  of  I2 

interstitials  In  LETI  13  has  been  estimated  to  be  =  2.5  1019/cm3,  and  this  number 

could  correspond  to  the  total  cluster  volume  of  =  3.10- 3  (calculated  from 
Nc  *  1.1  1010/cm3)  If  there  are  two  Interstitials  per  unit  cell.  Therefore  the  ove¬ 
rall  description  seems  to  be  consistent.  This  work  will  be  published  with  full  details 
elsewhere  r7]. 
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THE  EFFECT  OF  NONMETAL-METAL  TRANSITION  DUE  TO  D0PIN6  ON  LATTICE 
THERMAL  CONDUCTIVITY  !  APPLICATION  TO  Ge-DOPED  InSb 

P.C.  Sharaa,  K.P.  Roy  and  T.  Radhakrishnan 

Phyeioe  Department,  Banarae  Hindu  Univereity,  Varanaei-22100S,  India 


Abstract.-  In  this  work  we  explain  the  phonon  thermal  conduct i- 
vity  re suite  of  Oe- doped  InSb  from  2  to  SO  K  for  impurity 
concentrations  7. 2x10 and  s.OxiO3-'  cm"3  .  Since  these  lie  in 
the  intermediate  concentration  region  of  the  aetal-normetal 
transition  the  theory  of  scattering  of  phonon  by  holes  in  the 
mixed  state,  l.e.  both  in  the  localised  non-aetalllo  and  in  the 
■etalllc  state  is  used.  The  hole  concentrations  in  the  no  li¬ 
ne  tall  1c  and  netal lie  rag ions  are  calculated  for  each  aanple  by 
using  Mikoahiba's  lnhomogenelty  nodal,  the  theory  of  both  bound 
hole-phonon  and  free  hole  phonon  scattering  are  applied  to 
explain  the  results.  The  value  of  density-of- states  effective 
■ass  are  kept  constant  (“0.23)  with  the  variation  in  temperature. 
The  value  of  the  dilatation  and  shear  deformation  potential 
eonatanta  obtained  fron  our  calculations  are  in  good  agreement 
with  previously  determined  values.  The  effect  or  impurity 
scattering  due  to  doped  Imparities  alongwlth  isotope  scattering 
is  also  taken  into  account. 

It  is  reported  that  in  the  intermediate  concentration 
range,  the  mixed  bole-phonon  scattering  must  be  included  to 
explain  the  temperature  dependence  of  thermal  conductivity  of 
Oe- doped  InSb. 


Introduction.  -  The  phonon  thermal  conductivity  of  p-InSb  doped  with 
Oe,  has  been  studied  experimentally  [1,21  *0T  acceptor  bole  concentra¬ 
tions  from  2.7x10**  to  gxlO33  cm"®.  In  the  low  concentration  region 
wall  below  the  critical  concentration  for  nonmetal -metal  transition 
(Me)  the  fades  are  bound  to  the  Impurity  atoms  and  in  the  high 
impurity  concentration  region,  they  are  free  in  valence  band.  In  the 
intermediate  doping  oo no ent ration  near  MQ,  the  boles  exist  in  a  mixed 
state.  Using  Mikoahiba's  •iubomogeneity  model",  the  acceptor  bole 
concentration  in  both  non-aetalllo  and  aetallio  region  can  be 
calculated.  In  the  present  work  we  have  chosen  two  samples  of  p-In8b 
with  »«7.2X1017  and  BxlO17  cm*3.  Using  Mott's  expression  the 
critical  concentration  for  metal-no cmetal  transition  (WQ)  can  be 
given  aa  N#*(.as/a*)3  where  a*  Is  the  effective  Bohr  radius  of  the 
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Impurity  and  the  concentration  at  which  Fermi  lard,  merges  with 
valence  band  la  Nyb  *  Using  a*  ■  38  X,  the  values  Ne  and 

Hvb  are  calculated  to  be  2 .84x10 17  and  1.46x10 13  cm"3  for  p-XnSb. 
Using  Nlkoshlba's  lnhomogenelty  model  the  hole  concentrations  in 
no  metallic  and  metallic  regions  can  be  calculated  as  lfn  «  R  exp 
(-  |tTNt^  )  and  *  (»•!»„)  where  re  =  (1  Wir2)1**  a*.  For  the 
sample  of  p-InSb  with  N  =  7.2xl017  cm"3  the  values  of  !fn*0.64xl017 
and  6^=  6.65X1017  cm"3  and  for  the  sample  with  H  ■  SxlO17  en“8» 

Nn  =  0.936X1017  and  -  4.06xl017  cm"3.  Using  the  relaxation  rate 
of  bound  hole- phonon  scattering*  for  the  holes  In  nometalllc  region 
and  the  relaxation  rate  for  free  hole  phonon  scattering  for  the  holes 
In  metallic  region*  the  phonon  conductivity  values  of  these  two 
samples  in  the  Intermediate  doping  concentration  are  explained  well 
between  2  and  50  K. 


Theory.-  The  relaxation  rate  for  the  bound  hole- phonon  scattering 
Is  given  as 

HnU2<2/3  D*,)4  f4(q)  20D4  ♦  120D2  +  60 

(^p  >  bound  =  40TT  f  vV  3 

where  f(q)  *  (1+1/4  a*2  q2)*2  and  D  =  D(j/Dj|t 

D*  and  D®,  are  the  shear  deformation  potentials  for  the  strains 
aloi«  poll  and  till}  directions*  q  Is  the  phonon  wave  vector*  v  Is  the 
average  phonon  velocity  and  f  is  the  density  of  the  crystal. 

The  aeceptor  holes  In  the  metallic  region  can  be  considered  to 
be  free  In  the  valence  band  and  the  relaxation  rate  for  the  scatter¬ 
ing  of  phonons  by  free  boles  for  q  2ky  is  gives  as 

w*  c2  k-Tw? t  l+exp(  1*-  n/T-PTx2  +  x/z) 

(T  i  _  x  -- In  —  '■  ’  m 

«P  1^*1  27f64fy  1+exp ( V-  g/r-PTx2  -  x/2) 

-2H2(3i-/1T)^3 

where  H  «  mf*  t®/«rB  1  t  «  kg/sm^r2  and  vj*  - - - - 


m*  is  the  density  of  -states  effective  mass  and  C  is  the  dilatation 
deformation  potential,  /or  phonon  wave  vector  q>  *,«  the 
relaxation  rate  for  the  seatterlnjg  of  phonons  by  free  boles  is  given 


(te*-) 


186  m*2  C*  t 


The  phonon  therms  conductivity  can  be  calculated  using  tjimme 
expression*  by  tba  method  daaerlbmd  *1  severe  £*3  . 
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Results  and  Dissuasion.-  By  considering  the  realistic  bole- phonon 
scattering  relaxation  rates  for  the  doped  samples  of  p-InSb  in  the 
intermediate  concentration  region,  the  phonon  conductivity  values 
are  explained  satisfactorily  between  2  and  60  K  as  shown  in  the 
figure*  The  theoretical  analysis  of  hole  phonon  scattering 
establishes  the  existence,  of  holes  in  a  nixed  state  i*e.  both  in 
bound  and  free  lapurity  states  in  the  region  of .present  interest* 

The  values  of  shear  defozmat&on.  potentials  determined  by  our 
theoretical  analysis  are  *  2.8  eV  and  D*,  =  4.2  eVj  which  are  in 
agreement  wtfchetperimental  values*  The  dilatation  deformation 
potential  constants  are  1*4  eV  and  1*3  eV,  for  the  two  samples  with 
If  =  7*2xip^7  and.6xl017  cm"®.  The,  scattering  due  to  doped  lapurltlea 
is  also  considered  in  addition  to  isotope  scattering  in  the  calcula¬ 
tion  for  point  defect  scattering  parameter*  The  values  of  the 
parameters  are  given  in  the  Table. 

Tahle.-  Parameters  used  in  the  calculation 

a*  9  38  X  t  m*/m  ■  0.23*  v  *  2.3x10®  cm  e"1 
»  1*6x10*  a'^f  »  6.76  gm  em"3 

A  *  4.36X10"44  a3,  B  «  8.7 xlO"23  a  K~3 


1.  T.f.Kosarev  at 

2.  g.t.Skalyt,  P. 

3.  T.Ia«»ekrlatanen  A 


ea  8  tat.  Solid 
n  and  fTs.rtloa 
P.C*8barma  Phye.Sev 


1(1971). 

Eitt.'  aBA«e9fl970) . 
Bfi, 3004(1881) . 
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THE  EFFECT  OF  DISLOCATIONS  ON  THERMAL  CONDUCTIVITY 

R.A.  Brown 

School  of  Mathematics  and  Physios,  Macquarie  University,  north  Ryde,  S. S.  V, 
211 S,  Australia 


Ab« tract:  Phonon  scattering  by  the  strain  fields  of  deforaed  crystals 
is  foraulated  in  tens  of  the  third  order  elastic  constants.  The  thermal 
restivity  due  to  dislocations  is  calculated.  Theory  and  experiaent  are  in 
accord  for  Cu,  Al,  Ge  and  Si  but  not  for  LiF. 


1.  Alas:  To  formulate  the  problea  of  phonon  scattering  by  the  static  strain 
fields  of  crystal  defects  in  tens  of  the  third  order  elastic  (TOE)  constants, 
and  to  calculate  the  thermal  resistivity  due  to  dislocations. 

Foranlatlon:  A  classical  formulation  of  the  equations  of  notion  of  a 
statically  deforaed  contlnuua  was  presented  by  Kogure  and  Hlk.1/1/.  The  aystea 
aay  be  quantised  to  yield  the  haailtonlaa 


H 


Lh%(b>«+  i)  +  vUh 


+  h 


?  me*  b  r* ) 

where  V  is  the  voluae  of  the  deforaed  body  end  k  =  (J,k)  “  (polarisation. 


lclc,blcbl^, 


wuvevector). 


tatlon  rules  and 


The  operators  b^  satisfy  the  usual  co 

The  e  (k)  are  polarisation  vectors  end  p_  is 
“  0 


(1) 


when  npeated  suffices  dre  suaaed. 

the  density  of  the  unde formed  crystal.  The  a(h-^')  and  Sth-k')  are  Fourier 
trass  feme  of  the  static  strains  a^tX)  end  of  H1JU  -  -C^n^  +  Ct>pnlp  ♦ 


Cljpl\p  *  CipkI*JF  *  GpJklutp 


the  C's  are  the  usual  elastic 


respectively. 

aodull/2/.  Due  to  cancellation  of  c  roe*-*  eras  when  (1)  is  squared  we  have,  to  a 
good  apprexi  nation, 

|‘«f  •  (•■*«•**) 

"  (i) 

The  test  ten  is  aegfffibly  sadll  in  practice  ‘arid  dill  bd  dropped.  If  we  follow 
Rlemees/S/  and  Sat  |d.W)J  -  I//3  •  k^k  eqn.  (T)  theorise 
L  ll  -  *«d,  for  4  cubic  crystil  ^ 

>  -  lfir.,1*  *  l*„l*  ♦  .  »(|s1,l«  ♦  K„l*  *  |«„l») 


♦  C("u*M  +  “«*«  ♦  ♦  co^le*  conjugate)  (3) 
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A  -  (C  n  +  3Cn)2  +  4(CU2  +  C12)2  +  2(C,23  -  C12)2  +  2(Cn2  -  Cn>2 

+  8<CU6  +  C44>2  +  4<C144  '  C44)2 
B  -  8(2C166  +  Cn  +  2C%^)2  +  I6(CU„  +  Cu)2  +  32(C65<|  +  Cw)* 

C  -  (Cm+  3Cn)(CU2  -  Cn)  +  4(CU2  +  C12>2  +  2(C123  -  C12)(CU2  +  Cl2) 

+  8<C16S  +  C44>2  +  4<C166  +  C44><C144  ~  C44> 

The  C's  are  Che  elastic  constants  In  Voigt  notation. 

3.  Dislocation  Thermal  Resistivity!  In  cases  where  the  frequencies  -  v^k  are 

not  degenerate  and  the  dislocations  not  all  parallel  it  is  necessary  to  use  the 
variational  foraula/4/ 

Hdls  ‘  <»/2V2>I«'(*1c  -  *«')2  (4) 

■  Id<8*/,‘2v2>|htkf  V1  +  «o>«*,c  -  V>*  <5> 


where  kfi  is  Boltzaann's  constant.  The  sun  In  (5)  is  over  all  dislocations  In 


the  crystal,  which  are  assumed  straight  but  of  rando*  orientation  and 
arbitrary  character.  When  the  resistivity  tensor  is  Isotropic,  we  expect  the 
standard  trial  function  4^"  k-VT  to  furnish  a  good  approxl nation,  particularly 


since  It  reaoves  the  singularity  fro*  the  forward  scattaring  amplitude  for  each 
dislocation.  It  yields  In  (4) 

v2h2b2  l5  S4S5  le<eHsf|.  .  _  r  -n  ... 

Wdi.  4  lip1  k*r2  I T  "S| - V  *  Sn  *  £  "j  (6> 


where  Lg,Lg  are  the  total  lengths  of  edge  and  screw  dislocation,  respectively, 
fg  -  B/4,fe  -  <l-v)~z{A(v*  -  v  +  3/8)  +  B/16  +  2C( v2  -  v/2  +  1/16)} 


In  a  crystal  of  (average)  Poisson's  ratio  v,  and 

In  “  ^"x°e*(e*  -  l)“*dx  ■  26.0,  124  for  n  -  4,5  respectively. 

We  have  followed  previous  authors/3,5,6/  in  averaging  (3)  over  directions  In  the 
plan*  normal  to  each  dislocation.  The  corresponding  relaxation  rat*  for  a 
density  R  (length/ vole**)  of  randomly  oriented  dislocations  is  xj1  ”  ryie  where 

ri  ■  b2Vfs  +  2V/1296p5  s  i  m 

For  rondo*  characters  we  take  Lg  -  2L/3  “  2Lg  In  (6)  for  a  total  length  L  of 

dislocation  line.  The  elastic  constants  of  /7— 10/  wore  adopted.  The  subs  Sq 

•\jo  *r  :r‘ 

wars  evaluated  for  the  (100],  [110]  and  (111]  directions  and  the  arithmetic  eean 
was  taken.  The  results  are  shorn  in  the  table.  To  check  the  reliability  of  the 
trial  function  we  repeated  tbs  calculation  for  the  ease  of  parallel  dislocations 
and  dsgensrate  polarisation  breaches,  a  case  Whlqh  leads  to  a  tractable  Boltgaann 
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equation*  The  results  suggest  that  the  upper  bound  (6)  overestimates  the  true 
resistivity  by  a  factor  4/3  when  either  dislocation  scattering  or  electron-phonon 
scattering  dominate,  and  is  exact  if  boundary  scattering  dominates*  On  the  other 
the  proportion  of  edge  dislocations  in  deformed  crystals  is  normally  much 
greater  than  2/3  of  the  total  so  this  overestinstlon  will  be  largely 
compensated. 


Crystal 

p  5  (L/V)(T2Wdl,)-l 

(107  Wcn~3K-i) 

N 

8 

1 

o 

Eqn.  (6) 

Experiment* 

Eqn.  (7) 

Klensna/3/ 

Cu 

2.1 

2.5  t  0.3 

77 

0.61 

Al 

3.8 

4.0 

39 

1.9 

Si 

8.9 

8  ±  2 

11 

0.24 

Ge 

10.6 

8.4 

15 

0.26 

Lir 

6.2 

0.14  -  1.2 

14 

0.59 

*  We  hava  doubled  eteh-pit  counts  to  got  length  per  unit  volume. 

A  detailed  dlecuselon  of  the  date  mill  he  given'  elsewhere. 

4.  Conclusion:  The  theory  is  In  agreement  wish  data  for  Cu,  Al,  SI  and  Ge.  For 
nr  the  theory  underestimates  the  resistivity  by  a  factor  of  5  (data  of  / 11/)  or 
40  (data  of  /12/{  a  similar  discrepancy  appears  for  other  alkali  halides  /13/). 
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MODULATION  OF  BALLISTIC  PHONON  FLUXES  IN  Ge  BY  A  He  GAS  FILM  AT  A  SOLID/ 
SUPERFLUID  INTERFACE 


M.  Greenstein  and  J.P.  Wolfe 

Department  of  Physios  and  Materials  Research  Laboratory,  University  of  Illinois 
at  Urbana-Chotnpaign,  Urbana,  IL  81801 ,  U.S.A. 


Abstract .-A  He  gas  bubble  aay  be  formed  at  the  surface  of  a  sample  which  la 
Immersed  In  a  auperfluld  He  cooling  bath  and  subject  to  intense  optical  exci¬ 
tation.  He  have  discovered  that  this  bubble  oscillates  at  1-10  KHz,  under 
steady  state  optical  excitation,  and  this  leads  to  a  Modulation  of  the  bal¬ 
listic  phonon  flux  intensity  into  the  saaple. 


Focused  laser  excitation  la  coamonly  used  to  generate  free  carriers  and  pho¬ 
nons  in  crystals  at  low  temperatures.  For  samples  Immersed  in  superfluid  He  and 
under  high  optical  excitation  density  100  W/cm2) ,  a  snail  He  gas  filn  or  bubble 
nay  be  formed  at  the  excitation  point.  The  existence  of  He  gee  films  created  by 
ohmic  heating  has  bean  previously  noted  £1].  This  paper  deala  with  how  the  photo- 
produced  gas  bubble  modifies  the  ballistic  phonon  flux  into  the  sample.  He  have 
observed  similar  bubbles  on  Ge,  Si,  At,  hi,  but  here  ws  concentrate  on  pnre  crystal¬ 
line  Ge.  He  have  used  tins  resolved  light  scattering,  phenon  flux  detection,  end 
Infrared  luminescence  Inaging  to  study  this  He  gas  bubble,  its  modulation  of  the 
ballistic  phonon  flux  and  the  effect  of  the  bubble  on  tbs  transport  of  electron- 
hole  droplets  in  Ge. 

The  most  intriguing  aspect  of  the  bdibli  is  its  tendency  to  oscillate  in  else 
under  steady. state  excitation  conditions .  The  dynamic  properties  of  the  bubble  aay 
be  exposed  with  a  simple  time  tesolvnd  light  scattering  technique.  Jut  Ax*  laser 
(lUil)  is  used  to  create  the  bubble,  while  the  light  from  a  low  power  He  He  probe 
laser  (63281)  is  scattered  off  of  the  bubble.  The  scattered  light  is.  detected  with 
a  fast  photodiode.  The  oscillation  of  the  bubble  is  shewn  in  Tig.  1  as  a  function 
of  incident  At*  laser  pomes  for  focused  (100pm)  excitation  at  T  •  1,74  K.  Here, 
the  Ax'*  laser  is  chopped  at  1  KHz  to  synchronise  tbs  bubble  oscillations  for  display 
and  to  show  the  selatlvo  magnitude  of  the  end  list  ory  offset  ea  the  scattered  light 
signal.  la  fact,  such  osoil let jams  are  also  observed  for  steady  at* to  A**  exci¬ 
tation. 

The  maximum  btftble  diameter  may  be  measured  by  scanning  the  Ha  He  probe  laser. 
The  relationship  be  two  so  oscillation  frequency  and  bubble  diameter  was  obtained  as 
a  function  of  At*  excitation  power,  as  shown  fa  Pig.  2.  The  bubble  frequency  de¬ 
pends  on  diameter  as  v  +  *T^*j  therefore  largsr  bubbles  oscillate  more  slowly. 
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Pin-  1  :  Power  dependence  of  the  bubble  Pig.  2  :  Oscillation  frequency  as  a  f unc¬ 
os  cl  Hat  ion  frequency  at  T  -  1.74  K.  tion  of  bubble  diameter. 


What  Is  the  cause  of  this  oscillation?  The  dependence  of  v  on  D  argues 

-3/2 

against  s tuple  capillary  modes  for  which  v  *  D  '  ,  To  resolve  this  Issue  we  have 
devised  a  stroboscopic  Inaging  technique  (to  be  reported  elsewhere)  that  reveals 
a  gradual  growth  and  sudden  collapse  of  the  babble  dlaueter  as  a  function  of  tine. 
He  therefore  conclude  chat  the  oscillations  arise  from  a  ae chant cal  Instability  of 
the  bubble  In  the  superfluid  bath. 

Optical  excitation  of  Ge  at  low  teuperatwras  produces  a  ballistic  phonon  flux 
which  can  be  detected  with  a  superconducting  bolouater.  To  neasure  the  effect  of 
the  bubble  on  this  flux,  two  coincident  laser  beam  are  used:  A  cw  Ar+  laser  cre¬ 
ates  the  bubble,  and  a  Q- switched  TAG:  N  laser  provides  a  reference  (57W,  250  ns) 
heat  pulse  for  comparison  of  intensity.  The  detected  phonon  signal  f row  this  ex¬ 
periment  Is  shown  In  Pig.  3.  The  Inset  shows  the  heat  pulse  that  sets  the  intensi¬ 
ty  scale.  The  phonon  flux  intensity  Modulations  caused  by  the  bubble  are  observed 
In  the  tall  of  the  heat  pulse.  These  modulations  are  about  U  of  the  heat  pulse 
Intensity. 

Optical  excitation  of  Ge  at  liquid  He  temperatures  also  produces  s  cloud  of 
electron-hole  droplets.  The  size  and  shape  of  the  droplet  cloud  In  Gs  are  deter¬ 
mined  by  s  "phonon  wind"  produced  Indirectly  by  optical  excitation  12]. 

A  modulation  of  the  electron-hole  droplet  cloud  else  by  the  bubble  la  observed 
in  a  spatial  profile  of  the  cloud.  The  cloud  profile  Is  recorded  by  passing  s 
focused  infrared  Image  of  the  ra combination  1  mines can ce  (X  -  1.75pn)  across  tbs 
spectrometer  slit.  By  defoc using  the  laser,  the  excitation  density  can  he  reduced 
below  the  100W/cm2  optical  power  density  threshold  for  the  hobble.  A  hysteresis  Is 
observed  In  the  power  density  required  for  the  btbbls  to  corns  on  and  to  go  off. 

Thin  hysteresis  effect  is  need  to  Isolate  the  effect  of  the  bubble  on  the 
cloud  else  for  n  given  optical  power,  figure  An  shown  for  reference  a  cloud  pro¬ 
file  for  focused  (100pm)  excitation.  The  remaining  traces  are  for  s 
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SOOtim  excitation  snot  diameter.  Trace  b)  is 
obtained  in  the  hysteresis  region  with  the 
bubble  on.  Trace  c)  is  then  obtained  after 
momentarily  blocking  the  laser  to  remove 
the  bubble.  The  cloud  penetrates  1.4  times 
as  far  into  the  aamole  with  the  bubble 
present.  The  spatially  Integrated  total 
luminescence  remains  unchanged.  Indicating 
that  this  is  truly  a  spatial  redistribution. 
We  conclude  that  the  bubble  reduces  the  pho¬ 
non  transmission  into  the  bath.  Increasing 
the  flux  reflected  back  into  the  sample  and 
thus  increasing  the  total  phonon  flux. 

In  Fig.  4,  traces  a),  b),  c)  were  re¬ 
corded  slowly  with  a  0.15s  time  constant,  so 
no  oscillatory  phenomena  was  observed.  In 
Pig.  4d)  we  see  that  the  cloud  shape  does 
actually  oscillate  in  time,  synchronous  with 
the  bubble.  Here  the  cloud  profile  is  digi¬ 
tised  in  one  quick  sweep  with  a  lOOps  time 
constant.  This  is  a  novel  demonstration  of 
the  fundamental  role  Chat  ballistic  phonons 
play  in  the  spatial  distribution  of  electron- 
hole  droplets. 

This  work  was  supported  by  the  National 
Science  Foundation  coder  Grant  DHt-80-24000. 
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Fig.  3  :  Phonon  flux  modulation  by 
by  the  bubble. 


Fig.  4  s  Modulation  of  the  drop¬ 
let  cloud  shape  by  the  kibble. 
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SPECIFIC  HEAT  AND  THERMAL  CONDUCTIVITY  OF  TmV04  AND  DyV04  WITH  AN 
APPLIED  MAGNETIC  FIELD 
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Abstract  -  Specific  heat  and  thermal  conductivity  measurements  of  TmV04  and 
DyV04  with  applied  magnetic  field  are  reported.  Experimental  results  for 
TmV04  are  well  described  by  a  molecular  field  theory  whereas  such  a  calcula¬ 
tion  fails  to  interpret  the  0yV04  results  as  short  range  order  interactions 
are  not  taken  into  account. 


1.  Introduction.  -  TmV04  and  DyV04  belong  to  the  RX04  family  (R  =  rare  earth  and  X  « 
V,  As  or  P)  whose  most  members  undergo  a  cooperative  Jahn-Teller  transition  at  low 
temperature.  A  lot  of  experimental  and  theoretical  work  has  been  done  on  these  com¬ 
pounds  (1)  but  heat  transport  mechanisms  are  not  well  known.  We  have  previously 
reported  low  temperature  thermal  conductivity  measurements  of  TmV04,  TmAs04,  DyV04 
and  TbV04  samples.  In  addition,  TmV04  and  TmAs04  were  measured  with  applied  magnetic 
field  and  strong  effects  were  observed  in  both  cases  (2,3).  These  measurements  were 
extended  to  DyV04  and  specific  heat  of  TmV04  and  DyV04  with  applied  magnetic  field 
was  conjunctly  measured  in  order  to  check  the  validity  of  the  theoretical  expression 
we  used  to  calculate  the  thermal  conductivity. 

2.  Experimental  results.  -  The  DyV04  sample  was  needle  shaped  with  a  square  section 
of  approximately  1  *  1  mm2  and  a  length  of  6  mm.  All  samples  are  naturally  oriented 
along  the  c-axis.  The  thermal  conductivity  was  measured  with  the  magnetic  field,  H, 
parallel  or  perpendicular  to  the  c-axis  and  the  results  are  shown  In  Flg.l.  The  main 
feature  Is  a  decrease  of  K(T)  when  H  Is  parallel  to  the  c-axis  whereas  a  strong  K(T) 
increase  is  observed  when  H  is  perpendicular  to  the  c-axis  and  parallel  to  the  a-axls 
of  the  sample. 

The  specific  heat  results  for  TmV04  and  DyVOi,  are  shown  In  Fig. 2  and  3.  The 
TmV04  sample  was  measured  with  H  parallel  to  the  c-axis.  DyV04  was  measured  with  H 
parallel  to  the  a-axls.  The  measure  was  made  difficult  by  the  size  of  the  samples 
whose  weight  was  340  mg  and  193  mg  respectively  for  TmV04  and  0yV04  ,  despite  the 
fact  that  a  dynamical  adiabatic  differential  technique*  was  used. 

•  R.LAGMIER,  J. PIERRE  and  M.J. MORTIMER,  Cryogenics  17,  349  (1977). 
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Figure  1  Figure  2 


Figure  3 

3.  Discussion.  -  the  specific  heat  of  TWOi,  ids  previously  measured  In  zero  magnetic 
field  (4)  and* was  correctly  described  In  the  frame  of  a  molecular  field  theory.  If 
the  two  lowest  energy  levels  of  the  Tw4+  Ion  are  considered  as  an  Isolated  doublet 
(the  first  excited  Is  a  singlet  at  54  cm1  (5))  the  energy  splitting  2W  In  applied  ma¬ 
gnetic  field  Is  given  by  :  W/k^*  tanh  (If/kt)  1f_*.^eH<W  and  W  otherwise 

with  T(  ■  2.15  K,  ^  *  10  and  6  •  Bohr  magneton. 
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The  specific  heat  was  calculated  as  C  =  C<-  +  ,  where  is  the  contribution 

of  the  Schottky  anomaly  due  to  the  three  lowest  levels  (the  singlet  is  then  assumed 
to  be  field  independent  and  have  no  interaction  with  the  ground  state  doublet).  Cg  is 
the  lattice  contribution  calculated  in  the  Debye  model  and  was  adjusted  to 
CD  =  1.5  K  lO^T3  J/K  mole. 

The  results  of  the  adjustement  are  shown  in  Fig. 2.  To  obtain  a  satisfactory 
agreement  it  was  necessary  to  assume  that  the  crystal  was  containing  13  percent  of 
impurities,  which  is  coherent  with  the  presence  of  large  flux  inclusions. 

The  two  main  conclusions  are  as  follows  :  a)  the  molecular  field  theory  accoun¬ 
ts  well  for  the  observed  specific  heat. 

b)  we  observe  no  enhancement  of  spe¬ 
cific  heat  at  the  maximum  of  the  Schottky  anomaly  as  would  be  expected  from  the  pre¬ 
sence  of  the  coupled  mode  (6,7). 

So  far  as  DyVOi,  is  concerned,  the  results  are  more  complicated.  A  calculation 
of  the  specific  heat  based  on  a  molecular  field  treatment  failed  to  explain  the  ex¬ 
periments  since  short  range  order  interactions  which  are  important  in  DyVOi,  are  not 
taken  into  account  by  this  approach  (8).  On  the  other  hand,  calculations  based  on 
"compressible"  Ising  model  fit  correctly  linear  birefringence  experiments  (9)  and  it 
would  be  interesting  to  interpret  our  specific  heat  measurements  within  the  frame 
of  this  model.  Such  calculations  are  now  in  progress. 

As  a  general  conclusion,  it  appears  that  the  specific  heat  of  TmVOi,  is  we', 
described  taking  into  account  a  Schottky  anomaly  associated  with  the  thermal  popu¬ 
lations  of  the  energy  levels.  Such  a  description  is  presumably  correct  for  DyVOi, 
provided  we  are  able  to  calculate  the  energy  levels  of  the  system.  That  means  that 
the  huge  enhancement  of  thermal  conductivity  with  applied  magnetic  field  observed 
in  both  cases  is  not  related  to  anomalous  specific  heat  behaviour  but  is  probably 
due  to  a  drastic  modification  of  phonon  scattering. 
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U.S.A. 


Abstract.  -  Vibrational  excitations  In  pristine  graphite  and  In  graphite 
intercal at Ion  compounds  are  discussed.  Modes  associated  with  carbon  atom 
Intralayer  motions  and  with  the  Internal  excitations  of  guest  molecular 
species  are  emphasized. 


1.  Introduction.  -  The  study  of  phonons  in  graphite  Intercalation  compounds  (GIC's) 
is  by  now  a  relatively  mature  subject.1,2,3  The  road  towards  this  maturity  is  char¬ 
acterized  by  recent  spurts  In  the  growth  of  our  knowledge  of  GIC's  in  general  and 
of  phonons  In  GIC's  In  particular.  Not  surprisingly,  our  understanding  of  phonons 
In-GIC's  Is  Intimately  coupled  to  an  understanding  of  phonons  In  pristine  graphite 
Itself.4,5 

During  the  past  several  years  research  efforts  on  vibrations  In  GIC's  have 
focused  on  five  sub-areas:  phonons  in  pristine  graphite,5  phonons  associated  with 
the  Intralayer  motions  of  carbon  atoms  In  GIC's,1"3  Internal  molecular  modes  of 
guest  species  In  GIC's, 5,2  Interlayer  c-axis  modes  Involving  both  guest  and  host 
layers,8*®  and  Intercalate  Intralayer  modes.18  In  this  brief  manuscript,  I  would 
like  to  address  the  first  three  of  the  above  mentioned  areas.  Thus,  this  paper 
constitutes  an  Introductory  setting  for  the  latter  two  topics  which  are  under  active 
Investigation  and  are  considered  In  other  papers  in  this  proceedings.  Space  limi¬ 
tations  also  preclude  the  presentation  of  Introductory  material  on  GIC's,  staging, 
sample  preparation  techniques,  etc.  Readers  unfamtllar  with  those  topics  are  re¬ 
ferred  to  recent  review  articles.11,12 

-  k 

2.  Pristine  6raph1te.  -  Hexagonal  graphite  crystallizes  In  the  space  group  with 
four  atoms  In  the  primitive  cell.13  The  zone  center  optic  podMcan  be  group  theo¬ 
retically  decomposed  Into  the  following  Irreducible  representation14 

ropt  “  *  Ejtg  *  Eiu  *  *2u  *  *  *2g 

of  which  the  Egg  modes  and  the  £.^  and  A^  modes  are  respectively  Raman  and  Infrared 
active  In  first  order.  All  of  tM  optically  attlfe' modes  have  now  been  observed  ex¬ 
perimentally.5*1  They  ate  shown  in  figs.  1  and  2  whl$h  also  show  the  eigenvectors 
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Fl9.  Is  The  Raman  spectra  obtained  from  a 
cleaved  surface  of  graphite  and  the  atomic 
displacements  of  the  Raman  active  E-„  modes 

29 


Fig.  2:  The  E  X  C  and  EMC  reflectance  of 
graphite  and  the  atomic  displacements  of 
the  IR  active  modes.  The  E lie  spectrum 
has  been  normalized  for  surface  damage. 


Fla.  3:  Phonon  dispersion  curves  for  gra¬ 
phite  In  the  [001],  [100]  and  [110]  direc¬ 
tion.  From  ref.  16. 


associated  with  each  mode. 

Of  particular  Importance  Is  the  Agu  mode  at  848  cm'1.  Prior  to  Its  observation, 
the  available  Raman,  IR  and  neutron  scattering  data  (the  latter  of  which  were  limited 
to  <  500  cm'1)  had  been  used  to  test  several  models  for  the  phonon  dispersion  curves 
of  graphite.1*  Although  each  of  the  available  theoretical  models  “fit*  the  avail¬ 
able  data,  their  calculated  values  for  the  A^  frequency  ranged  from  800  cm-1  to 
1400  cm  Armed  with  the  crucial  A^  frequency.  Horle  and  coworkers1*  constructed 
an  axially  asymetrlc  Bom- von  Karmen  model  which  provides  phonon  dispersion  curves 
that  are  In  excellent  fgreament  with  all  the  available  experimental  data.  The  re¬ 
sult*  of  their  calcinations  are  shown  In  FI*.  3.  Note,  In  particular,  that  the  max¬ 
imum  phonon  energy  Is  not  at  the  r  point,  but  occurs  along  the  line  between  r  and  N. 
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This  feature  Is  consistent  with.  Indeed  required  by,  the  second  order  Raman  spectrum 
of  pristine  graphite.*7 

18 

In  more  recent  calculations  G.  Dresselhaus  and  coworkers  using  a  similar 
model  to  that  of  Horle  and  coworkers  have  Improved  the  fit  of  the  lower  most  branches 
to  the  neutron  data  of  Nlcklow  et.  al.*  Thus,  It  Is  reasonable  to  assert  now  that 
the  phonon  dispersion  curves  of  pristine  graphite  are  well  understood  and  can  be 
accurately  calculated. 

3-  Intralayer  Nodes  In  GIC's.  -  The  Initial  approach  to  Intralayer  carbon  modes  In 
GIC's  was  the  nearest  layer  model.*9  In  this  model  It  was  noted  that  In  an  0th 
stage  GIC  n>3,  the  EZg  1580  cm'*  Intralayer  mode  would  develop  a  satellite  caused 
by  the  small  perturbation  of  the  bounding  Intercalate  layers.  Thus  for  n  ^  3  the 
Raman  spectra  of  GIC's  will  contain  a  pair  of  lines  at  » 1580  cm'*.  One  of  these 
Is  associated  with  Interior  carbon  layers  which  have  a  nearest  layer  environment 
Identical  to  that  In  pristine  graphite.  One  Is  associated  with  bounding  carbon 
layers  perturbed  by  the  Intercalated  layer.  In  stages  1  and  2  GIC's  there  exists 
only  one  type  of  nearest  layer  environment  and  thus  only  a  single  line  should  be  ob¬ 
served  In  the  1580  cm'*  region.  The  above  statements  are  verified  by  the  Raman 

20 

spectra  of  potassium  graphite  GIC's  which  are  shown  In  Fig.  4.  These  spectra  are 
characteristic  of  the  stage  dependence  of  the  Ramar.  spectra  of  all  GIC's  studied  to 
date.*  Moreover,  the  stage  dependence  of  the  relative  Intensities  of  the  members 
of  the  1580  cm'*  doublet  can  be  quantitatively  accounted  for  by  the  nearest  layer 
model.* 


Fla.  4:  Raman  spectra  of  Stage  n,  n>  2  K- 
Glt's  with  compositions  CjZnK. 

Stage  1  alkali  GIC's  exhibit  a  Raman  spectrum  which  Is  characteristically  dif¬ 
ferent  from  those  of  Fig.  4,  but  Which  provide  an  elegant  verification  of  the  cal¬ 
culated  dispersion  curves  of  Fig.  3.*  Note  from  the  Raman  spectrum  Of  stage  1 
RbCg  andCsCg  21  shown  In  Fig.  S  the  polarized  members  of  a  triplet  of  modes  In  the 
580  cm"*  region.20  This  triplet  is  quantitatively  accounted  for  by  the  dispersion 
curves  of  fig.  2  and  Is  associated  with  M  point  out  of  plane  motions  of  the  carton 
atoan.*  These  N  point  nodes  which  are  first  order  Raman  Inactive  In  pristine 


ffammn  sMt  («m'*l 
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Fig.  5:  Polarized  Raman  spectra  of  the 
triplet  region  for  the  stage  1  (a)  Cs;  and 
(b)  Rb  SIC's  with  the  Incident  polarization 
perpendicular  and  the  scattered  polariza¬ 
tion  parallel  to  the  scattering  plane. 
Polarized  modes  (A  or  A.)  are  forbidden  in 
this  configuration?  1 


Fig.  6:  Polarized  Raman  spectra  of  the 
Intercalant  Intralayer  modes  of  stage  1 
FeCl^-graphlte. 


graphite  are  activated  by  both  disorder  Induced  scattering2  and  Brlllouln  zone 
folding  effects3  In  the  3-D  relatively  ordered  structures  of  stage  1  RbCg  anddsCg.23 
The  stage  1  alkali  SIC's  also  exhibit  a  broad  Fano  resonance  at  a*  1500  cm"1  (not 
shown)  which  arises  from  electron-phonon  coupling  between  Raman  active  phonons  In 
the  800-1600  cm'1  range  and  what  appears  to  be  an  electronic  contlnuua  background.24 

4.  Internal  Molecular  Modes.  -  To  date  there  Is  very  little  data  on  Internal  mole¬ 
cular  modes  of  guest  species  In  SIC's.  This  lack  of  data  Is  not  for  went  of  serious 
efforts  to  observe  such  modes  since  several  groups  have  made  serious  attempts  In 
this  regard. 

The  first  .observation  of  molecular  modes  In  a  SIC  was  that  of  ,Br2  molecular 
nodes  In  bnmrlne  graphite.6  However,  .the  Raman  spectrum  of  that  material  exhibits 
the  multiple  Intense  overtone  peeks  which  are  characteristic  of  strong  resonance 
Remen  scattering.  The  classic  example  of  this  phenomena  Is  given  In  the  Raman  res¬ 
onance  spectrum  of.  CdS.25  To  mar  knowledge  the  only  other  system  In  which  internal 
■Odea  of  the  guest  species  hpve  been  observed  from  a  SIC  Is  FeCl  j  graphite.7  The 
lew  frequency  polarised  Pawn  spectra  of  step*  1  FeClj  graphite  Is  shown  In  Fig.  6. 
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The  nodes  observed  In  that  figure  can  be  accounted  for  group  theoretically  and  cor¬ 
respond  to  inodes  of  the  FeClj  sandwich  layers  from  which  pure  FeClj  Is  constructed. 

There  Is  evidence  that  the  Raman  spectrua  of  FeCI,  graphite  was  also  obtained 
under  resonance  enhanced  conditions/0  Thus  It  appears  that  resonance  enhancement 
Is  required  In  order  to  observe  molecular  modes  In  the  Raman  spectra  of  GIC's.  A 
lack  of  such  enhancement  would  account  for  the  failure  to  observe  molecular  modes  In 
GIC's  prepared  with  HNOj,  metal-ammonia  solutions,  AsFg,  SbClg  and  other  Intercalants. 

5.  Concluding  Remarks.  -  This  paper  briefly  touches  upon  some  developments  In  our 
understanding  of  vibrational  excitations  In  GIC's.  For  GIC's  the  molecular  modes 
and  carbon  atom  Intralayer  modes  can  only  be  conveniently  probed  using  optical  tech¬ 
niques,  e.g.  Raman  scattering  and  IR  spectroscopy.  During  the  past  year  new  and 
exciting  neutron  scattering  results  on  Interlayer  guest-host  modes  In  GIC's9  and  on 
Intralayer  Intercalate  modes  In  monionic  guest  species10  have  been  reported.  In 
addition  the  former  have  also  been  observed  in  the  Raman  spectra  of  several  stages 

of  alkali  GIC's.®  These  new  neutron  and  Raman  results  are  the  subjects  of  other 

8  10 

papers  In  this  conference.  * 
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PHONONS  IN  ALKALI  GRAPHITE  INTERCALATION  COMPOUNDS 
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Abstract.  -  The  [001]L  phonon  branches  of  alkali-graphite  intercalation  com¬ 
pounds  Cjjll  (x-8,24,36;  M»K,Rb,Cs)  have  been  measured  by  means  of  inelastic 
neutron  scattering  experiments .  In  all  cases  the  phonon  branches  show  zone 
folding  effects,  due  to  the  enlarged  unit  cell  as  compared  to  pristine  graph¬ 
ite,  along  with  opening  of  frequency  gaps  at  the  center  and  boundary  of  the 
Brillouin  zone.  All  measured  [001]L  phonon  dispersions  are  describable  by 
one-dimensional  shell  models  with  different  masses  and  force  constants  to 
account  for  the  graphite  and  alkali  area-mass  densities  along  the  c-axls  and 
their  interplanar  interactions. 


1.  Introduction.  -  Within  the  past  year,  the  interest  in  the  study  of  low  frequency 

1  2/ 

modes  in  graphite  intercalation  compounds  has  increased  considerably after  the 
high  frequency  modes  have  been  investigated  extensively  by  Raman  spectroscopy  and 
Infrared  reflectance.-^  In  particular,  the  low  lying  modes  with  phonon  propagation 
in  the  hexagonal  c-direction  ([001]L  and  [001 JT)  are  important  for  the  determination 
of  the  graphite-intercalant  Interplanar  interaction.  Knowledge  of  the  coupling 
force  constants  may  contribute  to  the  solution  of  such  important  questions  as  the 
origin  of  long-range  stacking  order  of  graphite  and  intercalated  planes  and  of  inter- 
c slant  in-plane  order-disorder  phase  transitions.  In  addition,  those  modes  allow 
to  study  some  fundamental  aspects  of  lattice  dynamics:  since  the  Interplanar  dis¬ 
tances  of  the  atoms  are  not  changed  for  [001]  modes,  they  may  be  considered  as  the 
movement  of  a  one-dimensional  (1-D)  array  of  rigid  layers.  The  properties  of  this 
linear  chain  of  graphite  and  intercalant  planes  can  artifically  be  changed,  by 
changing  the  stage  n  of  the  compound  (n  designates  the  ntart>er  of  graphite  planes 
between  two  Intercalated  planes),  and/or  the  intercalant  chosen,  and  effects  like 
zone  folding  and  opening  of  frequency  gaps  at  the  center  and  the  boundary  of  the 
Brillouin  zone  can  be  studied  in  a  systematic  manner. 

In  the  following  the  experimental  results  obtained  for  [001]L  modes  in  alkali- 
graphite  intercalation  compounds  (ACIC's)  will  be  presented  and  lattice  dynamical 
models  will  be  discussed.  A  more  detailed  discussion  is  given  in  a  separate  con¬ 
tribution  to  this  volume. A/  The  [001]T  modes,  which  are  less  accessible  to  inelas¬ 
tic  nawtron  scattering*  have  beam  studied  by  Raman  spectroscopy J£/ 

2.  Kafcgjaasat.  -  The  samples  were  intercalated  with  alkali  atoms  In  a  two-stage 
furnace  in  the  usual  manner,*/  and  homogeneity  of  each  compound  was  determined  by 
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x-ray  and  neutron  elastic  (001)  scans.  Relevant  parameters  of  the  samples  before 
after  Intercalation  will  be  published  elsewhere.— ^  Constant  Q  scans  were  performed, 
using  triple-axis  spectrometers  at  the  National  Bureau  of  Standards  research  reactor, 
Washington,  D.C. 

3.  Results .  -  The  [001]L  phonon  energies  obtained  at  CgK,  C^K,  C24Rb,  CgCs 

and  C24C8  are  plotted  In  Fig.  1.  For  the  sake  of  completeness  the  corresponding 
modes  of  CgRb  have  also  been  included.— ^  The  phonon  wavevectors  are  given  in  units 
of  the  intensity  period  C,  neglecting  any  stacking  sequence  of  the  graphite  and/or 
alkali  planes.  Each  stage  n  compound  contains  n+i  planes  per  unit  cell.  Accord¬ 
ingly,  there  are  ti+1  phonon  branches,  which  could  all  be  determined:  In  each  case  one 


Fla.  1:  Measured  phonon  energise  for  [001]L  nodes  la  alkali-graphite  Intercalation 
compounds.  Ike  phonon  energies  of  CgHb  tore  keen  taken  from  kef.  g.  full  lines 
era  bene  fits  with  M  tonr  shall  models. 
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acoustical  branch  and  n  optical  branches.  Mode  splittings  could  be  clearly  resolved 
in  most  cases,  with  the  exception  of  C24CS,  where  the  carbon  and  cesiua  layers  have 
almost  Identical  in-plans  area-mass  densities.  Low  temperature  experiments  down  to 
80  K  have  been  performed  at  C^K.  The  results  do  not  indicate  any  change  of  the 
phonon  energies  across  Che  phase  transition  at  around  130  K.2/ 

4.  Discussion.  -  The  data  have  been  analysed  by  several  1-D  lattice  dynamical 
models.  In  opposition  to  pure  graphite,-^  Al/  Bom-von  Karman  type  models  cannot 
describe  the  observed  [001]L  modes  of  AGIC's.  Here  a  simple  1-D  shell  model 


♦|C  #3  ^2  Mz  m  M| 

tJ — ! — Ic - J 

Fig.  2:  Schematic  representation  of  the  1-D  ion-shell  model  for  stage  n  compound  dj 
and  d2  are  the  distances  between  alkali  and  graphite  planes,  Ic  is  the  repeat  dis¬ 
tance  of  the  compound  in  the  c-dlrection.  and  M2  are  the  alkali  and  graphite 
area-mass  densities,  reap,  and  m  Is  the  electron  mass  density,  which  is  extrapolated 
to  zero.  is  the  core-shell,  4s  Che  shell-graphite,  and  Che  interior  graphite- 
graphite  force  constant. 

yields  the  beat  result.  In  this  model  a  charged  layer  has  been  introduced  between 
alkali  and  adjacent  graphite  planes  to  account  for  the  inhomogeneous  charge  distri¬ 
bution  along  the  e-axle  (Fig.  2).  Beat  fits  of  the  shall  modal  to  the  measured 
phonon  energies  yield  values  for  4g,  which  are  roughly  an  order  of  magnitude  larger 
thaa  the  force  constants  gg  and  42,  while  4g  la  always  larger  than  +2*  *bout  10- 
20X,  and  42  4e  almost  identical  to  the  interplaner  coupling  constant  of  prletlne 
graphite. 

The  authors  acknowledge  valuable  discussions  with  J.  J.  hush  and  J.  M.  Rowe. 
This  work  wss  supported  In  part  by  the  D.S.  Department  of  Saergy  under  Contract 
DR-AC02- 7 4ER0 1198,  che  Research  Corporation  and  the  University  of  Illinois  Research 
Board. 
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EFFECT  OF  NON-MAGNET I C  IMPURITIES  ON  THE  RAMAN  SCATTERING  BY 
SUPERCONDUCTING  GAP  EXCITATIONS  IN  LAYERED  COMPOUNDS 

S.M.  Sahara 

Institute  of  Phyeioe,  Bhubaneeuar-7 51007,  India 


Abstract.-  The  offset  of  wall  concentrations  of  substitutional 
non -Magnetic  Impurities.  on  tha  observability  of  superconducting 
gap  excitations,  is  considered.  It  is  shorn  that  the  presence  of 
heavy  anas  impurities  tends  to  increase  the  strength  of  the 
Reman  peak  due  to  the  gap  excitations,  while  lowering  its  frequ¬ 
ency.  On  the  otherhend  the  local  node  due  to  light  mass  impuri¬ 
ties  splits  into  two  because  of  its  coupling  to  the  gap  excita¬ 
tions. 


I*  Introduction . -  Recently  for  the  first  tins  superconducting  gap 
excitations  have  been  observed  in  the  layered  coepound  2H-NbS«  throu¬ 
gh  phonon  Raman  scattering1.  At  room  temperature  2H-NbSe2  has  two 
Raman  lines  at  234  am'1  and  246  on'1.  Below  33°K  the  system  undergoes 
a  charge  density  wave  (CON)  transition  which  induces  additional  Raman 
peaks  around  40  cm'1.  On  further  cooling  it  becomes  superconducting 
(SC)  at  7.2°k,  resulting  in  the  appears nee  of  still  more  Raman  peaks 
at  approximately  16  cm'1,  which  is  close  to  twice  the  superconducting 
energy  gap2  (2  A  3  17.2  cm'1}.  Crucial  to  this  observation  is  the 
availability3  of  tha  CDH  phonon  close  in  energy  to  2  A  •  Balselro 
and  Vallcor4  (BP)  interpreted  this  observation  as  a  phonon  self-energy 
effect  arising  because  of  the  coupling  between  the  COM  phonon  and  the 
SC  electrons.  It  is  well  known  that  non-magnet ic  lapurities,  while 
not  affecting  the  superconducting  properties  can  inhibit  the  formation 
of  COM.  Beeldes,  these  can  give  rise  to  ispurlty  (local,  gap  and 
resonant)  modes.  Zt  is  conjectured  that  a  suitable  heavy  mass  impurity 
can  produce  a  low  lying  ispurlty  mode  which  in  turn  can  couple  to  the 
SC  gap  excitations  even  in  the  absence  of  the  COW  mode.  On  the  other 
hand,  a  li£tt  mass  ispurlty  will  produce  a  high  frequency  local  node 
which  will  tend  to  reduce  the  strength  of  COW  peak,  and  consequently 

that  of  the  Raman  line  associated  with  the  SC  coupled  nods.  Zn  order 
to  test  this  aonjeoture  we  generalise  the  BP  calculation  to  incorpo¬ 
rate  the  offset  of  son  mepnoBlo  lapurities. 

Theory i-  The  system  is  described  by  the  model  wwailtenlan 


2* 
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hBT  +  HI 


(1) 


vh«n  Hgy  is  the  Balseiro-Falicov  Hamiltonian  end  the  contribution  due 
to  nonmagnetic  subetitutionei  isotopic  ispurities  is  given  by 

*  —  Cu 


with 

and 


Hj*  A  U  (^,V>  C  +■  >(  b^;  +  b^/  ) 

X  -  (*j  -  mJ/Hj 


(2) 

(3) 


(t)  -i  t— —  .  “i 

U  {%#)  *(4 «  (4) 

Mj  end  M  being  the  nesses  of  the  ispurity  and  host  atons  respectively, 
the  ispurity  concentration  (e)  is  essuned  to  be  snail.  The  phonon  self- 
energy  for  this  systen  turns  out  to  bs 

2^3  -  's|jFCu)  -cX  S*6*' 

-Xio+5l0u>X<«l] 


where 


D(co)  «  I  +  An'i  ^ t&- cc^  5 
XM  =  N1?  C4f-  uj,)2 

J  (40)  is  the  phenen  self  energy  lar  the  absence  e 


(5) 

(6) 
(7) 


scattering. 


of  the 
. (5)  is  oenltte- 


and^i  w  *•  Vi 
ties,  ftlnee*  we  ere  interested  la 

ted  in  the  Unit  q  »  0,  with  the  Einstein  nodal  for  the  host 
assuning  thet  in  ep47)xV^  4*  independent  of  *hus,  the  exci¬ 
tation  spent  run  is  given  by  the  solutions  of  the  equa 


equation 

(x2-i)  £i4  crU.x)}  +[i-2c  *2fU«*)+  c«4  r2(X.x>Ts,B^(y)-o 
wh*r*  r<X»x)  «  \/  (x2  -1  +A> 

2?<*> 


4a  y^d-y*)^*  tan"1  [y  (l-y2)"1^!  , for  y  <  1 


with  8  •  ^g*f CeV>/4^i  *  ■ 


F  »  *  (  A  I 


(8) 

C»1 

(10) 

ill) 


Uft  being  the  frequency  of  the  host  phonon/  A  is  the  auparoonduct- 
ing  energy  gap,  g  is  the  slectfcn^phonon  eoqpling  constant  in  tihe  ac 
stats  and  f(o)  is  the  electron  density  of  states  at  the  renal  surface. 
In  this  calculation  the  effect  of  the  lspurlties  on  the  CM  state  has 

.-  first  of  ell,  we  shall  assent  that  fc^is 
the  ispurity  ends  arises  fron  U>«  .  However, 
rlag  at  the  usual  frsqusney  of  u)o(JL-\  ft*  ,  the 
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impurity  mode  splits  into  two,  because  of  its  coupling  to  the  SC  gap 
excitations,  as  is  obvious  from  eqpn.(8).  A  heavy  mass  impurity  giving 
rise  to  a  mode  below  2  A  ,  Increases  the  strength  of  the  gap  excita¬ 
tion  mode  and  pushed  it  towards  zero  frequency,  which  is  equivalent 
to  increaatofthe  coupling  strength  s.  On  the  other  hand  a  light  mass 
impurity  giving  rise  to  a  local  mode  decreases  the  strength  and  in¬ 
creases  the  frequency  of  the  2  &  excitation.  Features  similar  to  this 
prediction  had  been  observed  in  2H-NbSe2  samples  contaiijg  inpurities3. 

In  the  absence  of  the  COW  phonon,  U)c  will  be  the  Raman  active 
mode  in  the  normal  state  which  being  of  hi$i  frequency  C*J0  »  2  A 
decreases  the  coupling  strength^) considerably;  resulting  in  the 
inpossibility  of  observing  the  3C  gap  excitation.  However,  If  the  mode 
due  to  a  heavy  lapurity  falls  near  where  the  cow  mode  existed  then 
because  of  its  coupling  to  the  gap  excitations,  it  is  possible  to 
observe  the  same  under  special  conditions . 

It  is  worth  mentioning  that  substitution  of  heavy  mass  inpuri¬ 
ties  in  place  of  Mb  in  2H-NbSe2  may  not  be  feasible  experimentally. 
However,  even  a  light  mass  lapurity  atom  can  produce  low  frequency 
modes  provided  its  substitution  causes  nearest  neighbour  force  con¬ 
stant  softening.  Similarly  it  is  also  possible  that  an  inpurity 
phopon  oan  couple  rather  strongly  to  the  SC  electrons  giving  rise  to 
tbs  its  bound  state  with  SC  gsp  excitations.  These  features  are  being 
investigated  currently5. 

}edaimnnt.-  z  would  like  to  thank  Mr  .G  .c  .Mbhanty,  who  is 
intimately  associated  with  this  work, for  his  help  in  the  preparation 
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INELASTIC  NEUTRON  SCATTERING  AND  LATTICE  DYNAMICS  OF  THE  LAYER 
SEMICONDUCTOR  GaS 
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Abstract.-  Measurements  of  the  phonon  dispersion  curves  of  GaS  in  the  T  -*•  M 
and  r  +  K  +  M  directions  by  inelastic  neutron  scattering  have  been  performed. 
They  show  a  non  dispersive  behaviour  of  the  LA  phonons  in  both  directions. 

A  Rigid  Ion  Model  (RIM)  with  anisotropic  effective  charges  and  Axially 
Symetric  Forces  (ASF)  is  constructed  from  these  data  and  discussed. 


1.  Experiment.-  Inelastic  neutron  scattering  experiments  were  performed  on  the  layer 
crystal  GaS  on  the  IN3  and  INS  spectrometers  at  the  ILL  and  DN1  at  the  C.E.N.G. 

Two  experimental  configurations  were  used  allowing  to  obtain  the  phonon  dispersion 

in  the  T  -*•  M  and  in  the  T  K  M  directions  respectively.  The  experimental  results 

( I  2) 

shown  in  figure  1  match  the  earlier  measurements  ’  and  confirm  the  fact  that,  in 
the  T  M  direction,  the  LA  mode  is  non-dispersive  from  ?d\>(0. 25,0,0)  to  the  zone 
boundary.  Similar  features  are  found  in  the  T  ■*  K  direction  and  there  is  no 
dispersion  between  M  and  K.  The  B2  TA  mode  shows  a  similar  behaviour. 


Fig,  1  :  Experimental 
dispersion  curves  in  the 
layer  plane.  Each  symbol 
corresponds  to  a  phonon 
with  a  different  symetry. 
The  phonons  vibrating 
parallel  to  the  y-axis 
are  not  shown  here. 
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The  layered  nature  of  the  crystal  is  reflected  in  the  quadratic  dispersion  at 
small  wave  vector  of  the  out-of-the-layer-plane  TA  mode  v  -  ac  +  Sc2  :  with 
frequency  in  Hz  and  reduced  wave  vector  t  ■  | k |  / 1 *  4x/a/3,  our  measurements 
yielded  a  =  5  x  10  12  s  1  and  8  =  10.5  x  I0-12  s_1.  As  B/a  is  zero  in  usual  three- 
dimensionnal  crystals,  and  10  in  graphite,  the  present  value  of  B/a  “  2  indicates 
the  degree  of  bidimensionnality. 

2.  Lattice  Dynamics.-  We  used  a  Rigid  Ion  Model  (RIM)  associated  with  Axially 
Symetric  Forces  (ASF) .  The  RIM  is  applied  with  an  anisotropic  effective  charge 
tensor  : 

Z,  0  0 

Z*  -  0  Z,  0 
0  0  Z2 

in  order  to  reproduce  the  anisotropy  of  the  L0  -  TO  splits  at  the  zone  center. 

The  set  of  5  central  forces  (  10  parameters  A^,  B^;  i  «  1,5)  represents  : 
interaction  n°  1  :  Ga  -  Ga  first  neighbours;  n°  2  :  Ga  -  S  first  neighbours;  n°  3  : 

S  -  S  interlayer;  n°  4  :  Ga  -  Ga  second  neighbours  (intralayer, intercell) ;  n°  5  : 

Ga  -  S  second  neighbours. 

3.  Discussion.-  The  ASF  parameters  A,  and  B,  are  calculated  from  the  rigid  layer 
modes  E2g  (23  cm  )  and  B2g  (43  cm  ),  the  other  ones  are  obtained  by  least  square 
fit  to  neutron  data.  The  effective  charges  are  obtained  from  LO  -  TO  splits  of  the 
Efu  modes  (Zj  *  0.9  |e|)  and  A^  modes  (Z2  ■  0.44  |e|). 

The  dispersion  curves  calculated  in  the  T  -*■  M  direction  are  compared  in 
figure  2.  In  spite  of  its  simplicity,  the  model  accounts  well  for  all  the  zone 

center  modes  and  provides  elastic  constants  in  good  agreement  with  values  obtained 
.  .  (3) 

by  Bnllouin  scattering  .  On  the  contrary,  the  non-dispersive  behaviour  of  the  LA 
phonons  in  the  r  -*■  M  direction  could  not  be  reproduced.  While  a  flat  region  in  the 

dispersion  of  TA  modes  was 
already  observed  in  other 
materials  like  Si  or  Ge,  a 
similar  behaviour  for  the  LA 
does  not  appear  in  other 
semiconducting  materials. 

A  tentative  explanation  of 
this  dispersion  could  be  a 
coupling  between  the  A(  (LA) 


Fig.  2  :  Theoretical  dispersion 
curves  in  the  T  ■*  K  direction. 

-  :  Bj  modes;  ...  s  Bj  modes 

-  :  Aj  modes;  :  A2  modes. 


s.e  .is  .»  .M  .St  .M 
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mode  and  the  B 


(E.  in  T)  mode. 
>g 


Owing  to  the  use  of  anisotropic  effective  charge,  the  present  model  is  able 
to  describe  the  angular  dispersion  of  the  zone  center  polar  phonons.  Due  to  the  high 
symetry  of  GaS,  the  only  experimental  data  available  are  those  parallel  and 
perpendicular  to  the  c-axis  so  that  the  prediction  cannot  be  checked.  We  prefered 
thus  to  show  in  figure  3  the  dispersion  predicted  by  the  same  model  rather  for 
y-GaSe  (Z ^  -  0.84  |e|;  Z ^  “  0.39  |e|)  a  closely  related  structure  in  which,  however 

the  different  stacking  and  consequently  lowered  symetry  made  possible  to  obtain  more 
(4  51 

complete  data  ’  . 

Large  polarisability  of 
bonds  in  GaS,  which  is 
suggested  by  the  space 
distribution  of  electronic 
charges ^  and  shown  by  the 
high  intensity  of  the  Raman 
allowed  lines  raises  some 
doubts  about  the  adequacy 
of  RIM  for  the  description 
of  the  lattice  dynamics 
of  GaS.  It  is  very  likely 
that  any  of  the  standard 
dipole  models  (shell, 
d.d.m.  etc.)  would  be 


Fig.  3  :  Angular  dispersion  of  the  polar  modes  of  GaSe. 


more  satisfactory.  It  is  questionable,  however,  whether  the  introduction  of 
polarizable  ions  alone,  would  be  sufficient  to  explain  the  non -dispersive 
behaviour  of  the  A(  (LA)  and  B^  (TA)  branches  :  looking  for  a  description  accounting 
explicitely  for  the  large  bond-charges  shoving  up  between  the  Ga  atoms  would 
probably  be  sure  appropriate. 
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ROLE  OF  PHONONS  IN  ORIENTATIONAL  INTRA-PLANE  ORDERING  IN  GRAPHITE 
INTERCALATION  COMPOUNDS 

C.  Borie,  H.  Miyazaki,  S.  Igarashi  and  S.  Hatakeyana 
Department  of  Applied.  Phyeioe,  Tohoku  University,  Sendai,  Japan 


Abstract.-  Theoretical  study  of  orientational  intra-plane 
ordering  in  the  second  stage  graphite  intercalation  compounds  is 
presented  with  particular  emphasis  on  the  role  of  phonons.  It 
is  shown  that  the  rotation  angle  of  intercalant  layers  relative 
to  the  graphite  layers  is  predominantly  determined  by  i,ntra*> 
plane  transverse  modes  and  also  depends  on  the  ratio  of  lattice 
constants  of  both  intercalant  and  graphite  layers. 


1.  Introduction. -  X-ray  diffraction  studies  of  C24Cs  prepared  from 
single  crystal  graphite  demonstrate  that  a  triangular  arrangement  of 
Cs  atoms  in  the  real  space  is  non-registered  with  graphite  layers  in 
macroscopic  domains,  generating  a  hexagonal  sextet  of  diffraction  spots 
rotated  by  >14*  about  the  c-axis  with  respect  to  the  <100>  graphite 
direction  at  temperatures  50K£T£l65K  [1].  Similar  orientational 
intra-plane  ordering  has  also  been  studied  on  C24Rb  [2,3,4]  and  other 
compounds.  In  the  present  paper,  a  microscopic  theory  of  the  orienta¬ 
tional  intra-plane  ordering  in  the  second  stage  compounds  is  developed 
with  particular  emphasis  on  the  role  of  phonons.  The  theoretical 
procedure  follows  the  one  developed  by  Novaco  [5]  for  mono-layer  films 
adsorbed  on  solid  surfaces,  but  is  extended  so  as  to  be  applicable  to 
our  system  consisting  of  intercalant  layers  sandwitched  between  a  pair 
of  graphite  layers.  It  is  shown  that  characteristic  phonon  dispersions 
andulated  by  a  coupling  between  intercalant  atoms  and  carbon  atoms  in 
the  adjacent  layers  play  a  crucial  role  in  determining  the  rotation 
angle  in  the  orientational  ordering. 

2.  Model.-  Me  assume  that  intra-plane  structure  of  an  intercalant 
layer  is  a  triangular  lattice  with  a  lattice  constant  dj  and  is  non- 
registered  and  incommensurate  with  the  adjacent  hexagonal  graphite 
layers  with  a  lattice  constant  dQ.  Then,  the  atomic  displacements 
from  the  virtual  lattice  sites  are  modulated  each  other  by  means  of 
the  interatomic  potential  between  intercalant  and  carbon  atoms.  This 
modulation  yields  displacements  of  atoms  to  new  stable  positions  of 
intercalant  and/or  carbon  atosis,  giving  rise  to  a  rotation  of  the 

i 

1 

I 
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reciprocal  lattice  of  intercalants  relative  to  that  of  carbon  lattice. 
The  free  energy,  then,  turns  out  to  be  given  by  Eph  +  EMDW  '  where  Bph 
denotes  the  renormalized  phonon  energy  and  corresponds  to  the 

energy  gain  due  to  the  static  displacement  of  atoms  and  is  called  the 
mass  density  wave (MOW)  energy  hereafter.  Within  the  self-consistent 
harmonic  phonon  approximation,  is  given  in  a  form 


where  (q)  are  phonon  frequencies  of  j-th  modes,  and  g^ (q)  involves 
factors  (S,e.(q)),  (T,e. (q))  and  the  Kronecker's  delta  5* •  ♦  +  which 
select  the  relevant  phonons  to  stabilize  the  mass  density  wave.  G  and 
t  are  the  reciprocal  lattice  vectors  of  graphite  and  intercalant 
layers,  respectively,  and  e . (q)  is  the  polarization  vector  of  (j,q) 

-V  J 

phonon.  The  g.. (q)  depends  also  on  the  Debye-Waller  factor,  and  the 
Fourier  transform  of  the  interaction  potential  between  intercalant 
and  carbon  atoms,  which  consists  of  the  Bom-Mayer  type  repulsive 
part  and  the  screened  Coulomb  interaction. 

3.  Results  and  Conclusions.-  Figure  1  shows  the  renormalized  phonon 
dispersion  curves  for  modes  with  polarization  parallel  to  the  basal 
plane  in  Cj^Cs.  Other  modes  polarized  parallel  to  the  c-axis  are 
omitted  because  they  have  no  effect  on  the  orientational  rotation 
under  consideration.  Frequencies  at  the  r  point  are  determined  on  a 
simplified  one-dimensional  model,  in  which  atomic  arrangements  and 
masses  are  taken  to  meet  with  layer  stacking  laMaM  ...  and  with 
the  in-plane  stoichiometry  of  C^M.  Use  is  also  made  of  the  neutron 
data  of  CgCs  and  C^K  in  order  to  estimate  the  effective  force  con¬ 
stants.  Details  of  the  derivation  of  the  phonon  dispersion  curves 
and  Egpg  will  be  published  elsewhere. 


Fig.  1:  Phonon  dispersion 
curves  for  C24Cs.  Lx,  L2 
and  L3  represent  longi¬ 
tudinal  modes.  Tx,  T2  and 
T3  represent  transverse 
modes  polarised  parallel 
to  the  basal  plane. 


r  WAVS  VICTOR  q 
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The  Egpff  for  c24Cs  Is  calculated  by  using  phonon  dispersion  curves 
shorn  in  Fig.  1,  and  is  plotted  against  the  rotation  angle  0  between 

-f  ^  O  • 

Tj-jq  and  in  Fig.  2.  We  have  taken  <3L  ■  6.02A  and  dQ  -  2.47A 

(z  »  dj/dg  -  2.44)  which  correspond  to  the  layer  stoichiometry  C12Cs. 


ROTATION  ANGLE  8  (degrees) 


Fig.  2  s  The  6-dependence  of  MOW  energy  for  C24CS  calculated 
by  using  the  dispersion  curves  given  in  Fig.  1.  Solid 

curves  represents  the  total  MOW  energy.  The  dash-dotted  and 
dashed  curves  indicate  contributions  to  Emdw  from  T  and  L 
modes,  respectively. 

The  minimum  of  is  found  at  about  14°  in  good  agreement  with  ex¬ 

periment.  It  seems  interesting  to  observe  from  Fig.  2  that  the  lowest 
longitudinal  mode  always  plays  a  role  to  stabilize  energy  at  8-19.1°, 
but  the  lowest  transverse  mode  is  more  effective  in  stabilizing  MDW  at 
angles  below  19.1°.  The  similar  feature  is  also  seen  in  the  case  of 
C24Sb.  In  this  case,  however,  the  shows  a  flat  minimum  over  a 

certain  range  of  6  around  12°  for  z  -  2.45.  it  is  concluded  from  our 
results  that  the  rotation  angle  in  the  orientational  ordering  is  de¬ 
termined  not  only  by  the  value  of  a,  but  also  by  the  detailed  phonon 
dispersion  curves  characteristic  to  the  compounds . 
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TWO-PHONON  PROGRESSIONS  ASSOCIATED  WITH  VIBRONIC  EXCITONS  IN  LAYERED 
3d-METAL  COMPOUNDS 


G.  Benedek,  I.  Pol I ini  and  W.  Bauhofcr 

Ietituto  di  Fieioa  dell' University,  GNSM,  Milano,  Italy 
* Max-Planak  Institut  fltr  Festkdrperforsahung,  Stuttgart  80,  F.R.G. 


Abstract.  -  We  have  observed  two-phonon  structures  in  same  intraconfiguration- 
al  crystal  field  transitions  of  V-,  and  Ni -halides.  We  also  report  for 
the  first  time  the  crystal  field  spectrum  of  CrBT2 (3d^) ,  where,  despite  its 
unfilled  e„  semishell,  exci ton -phonon  (ep)  interaction  vanishes  to  first  order 
yielding  a6 two-phonon  sequence  in  (G)  +  3a2(F)  band. 


Electron-phonon  interaction  in  layered  transition-metal  halides  yields  a  complex 
vibronic  structure  in  crystal  field  spectra  /I /.  The  quasi-molecular  nature  of  these 
crystals,  due  to  their  low  dimensional  structure  and  reduced  ionicity,  results  in  a 
flat  dispersion  of  both  d-d  excitons  and  optical  phonons  (vibronic  excitons  with 
small  excitation  transfer)  /2/.  This  allows  for  the  experimental  observation  of  sharp 
phonon  progressions  in  the  absorption  spectra  of  d°  +  d11  parity  forbidden  transitions. 
From  these  structures  we  can  learn  much  on  the  dynamics  of  the  excited  states.  For 
intraconfigurational  transitions  in  half-filled  shells  (d3(t3g),  d5(t2ge^),  d8(e^)) 
the  orbital  ep  coupling  vanishes  to  first  order  /3/:  thus  a  second-order  progression 
is  expected  to  be  the  basic  vibronic  structure,  provided  that  also  live  spin-depend¬ 
ent  ep  interaction  (via  the  phonon  modulation  of  spin-orbit  (SO)  coupling)  is  zero. 
Such  a  selection  rule  is  fulfilled  by  the  transitions  listed  in  TABLE,  where  2nd- 
-order  phonon  progressions  are  possible. 


- , - 

Electronic  I 
configuration!  predicted 


Electronic  Transitions 


observed 


- - — t  ■  . . -  ■  - 

d3(t2g>  !4a2(P)  + 

d5(t3g,  e*)'6Aj(S)  -  4E(G)  ♦  \(G),  S(D) 
d8(e£>  \\(¥)  *  ^(D),  ^(G) 

^(G)  in  VQ2,  VBr2 

4E(G)  in  >taX2,  4E(D)  in  Vk£l2 
^(D) ,  ^(G)  in  NiQ2,  NiBr2 

d4(t2g»egJ  )hm  -  3e(h), 

\  3E(D) 

- 1 _ 

- - — - - 

^(F)  ♦  JAj(G)  in  CrBr2 

l - 

We  have  included  also  the  special  case  of  d4(t|^eg)  in  CrBr2  (space  grotp  C^h  /4/)  > 
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where  despite  its  unfilled  eg  semishell  a  vanishing  ep  interaction  for  sane  transi¬ 
tions  between  monoclinally  split  levels  is  found.  Previously  / S/  we  reported  a  strong 
evidence  of  pure  two -phonon  progressions  in  Ni&2  and  NiBr2  ^A^F)  -*■  ^E(D)  transi¬ 
tion.  This  is  a  rather  rare  case,  since  configurational  mixing  can  switch  on  a  weak 
1st  order  ep  coupling  and  mask  two -phonon  contribution.  Nevertheless  the  theoretical 
prediction  of  a  2nd  order  structure  often  provides  a  key  of  interpretation  of  other 
complicated  phonon  structures  we  observed  in  other  3d-metal  canpounds. 


VMWMKR  OPW 


Fig.l  shows  the  ^E(G)  and  2T2(G)  absorpticm  bands  of  VC12  and  VBr2,  well  separated 
by  a  deep  miniiuu  The  SO  coupling  accounts  for  the  splitting  observed  in  ^(G) ,  but 
neither  SO  nor  trigonal  field  perturbations  can  lift  the  degeneracy  of  ^(G) .  Wiile 
the  small  splitting  of  84  c*'1  (VC12)  and  122  cm-1  (VBr2)  could  well  be  due  to  opti¬ 
cal  aagnons  (quickly  washed  out  by  increasing  temperature) ,  the  broad  sidebands  ob¬ 
served  above  the  ^(G)  peaks  cannot  have  but  a  phonon  origin.  The  spacing  of  404  cm"1 
and  260  cm-1  corresponds  quite  well  to  twice  the  respective  Raman  Eg  frequencies  at 
5  K  /6/.  The  6Aj(S)  -  4E(G)+V1(G)  transitions  in  MnQ2,  MnBr2  /!/  and  Mnl2,  show  a 
puzzling  phonon  structure,  together  with  the  notable  coma*  feature  that  the  spacings 
between  the  first  two  sharp  peaks  are  nearly  twice  the  Raman  Eg  frequencies:  they  have 
been  already  discussed  in  /l/. 

In  NiQ2  aid  NiBr2,  besides  the  sharp  two-phonon  structure  occurring  in  1E(D)/5/, 
we  found  a  pure  E^IE^  progression  also  in  the  ^(G)  bands  (Fig. 2).  Uhl  ike  NiBr2 
where  the  1A1(G)  boid  occurs  below  ^(D),  in  NiCl2  the  ^(G)  band  is  Just  atop 
HjCD)  aid  ^(P)  bands.  In  this  case  its  assignment  is  possible  thanks  to  the  dis- 
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Fig. 2:  The  ^A- (G)  band  in 
RxCIJ  and  HiBf2  at  5  K. 


play  of  the  two-phcnor  progressionfspacing  316  +  6  an"1) :  no  such  a  structure  could 
be  brought  by  ^(D)  or  ^.(P)  transitions. 

While  in  d3,  d5  and  d*  configurations  a  vanishing  first  order  ep  coupling  de¬ 
scends  from  giXNg>  theory  for  the  listed  transitions,  in  d*  this  occurs  accidentally. 
For  this  reason  we  have  grown  CrBr2  crystals  by  the  flow  system  method  and  recorded 
its  crystal  field  spec  true  (Fig. 3) .  Fitting  observed  transitions  to  octahedral  crys¬ 
tal  field  diagram  including  sp in-orbit  coupling  /7/  gives  Dq  >  13d0  cm"1.  Only  one 
vibronic  structure  was  fcund  in  the  whole  spectnaa.  This  is  associated  with  the  near¬ 
ly  degenerate  transitions  ^(FW^fG)  and  has  a  spacing  of  306  cm"1.  This  frequen¬ 
cy  scales  quite  well  with  twice  the  Raman  Ajg  frequency  of  YBr2  (316  cm"1)  and  I*jBr2 
(302  cm'1)  and  therefore  corresponds  to  a  second-order  vibronic  structure. 
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WAVENUMBER  (N^cm*1) 


Fig. 3:  Hie  crystal  field  spectrum  of  a  CrBr,  crystal  at 
at  5  K._In  the  insert  a  two-phonon  progression  in  the 
electronic  band  is  shown. 
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COUPLED  ELECTRON-LO  PHONON  EXCITATION  IN  A  TWO  DIMENSIONAL  ELECTRON 
SYSTEM 


i  *  * 

G.  Fishman1,  A.  Pincxuk,  J.M.  Wo r lock,  H.L.  StSraar,  A.C.  Gossard  and 
W.  Wiegmann* 

Bell  Laboratories,  Holmdel ,  New  Jersey  07733,  U.S.A. 

*Bell  Laboratories,  Hurray  Bill,  New  Jersey  07974,  U.S.A. 


Abstract  We  discuss  the  coupling  between  collective  intersub- 
band  excitations  and  LO  phonons  in  doped  GaAs  -  (AfGa)As  multi¬ 
ple-quantum-well  heterostructures.  The  analysis  is  applied  to 
the  interpretation  of  inelastic  light  scattering  spectra  and 
yields  the  Coulomb  matrix  elements  for  the  intersubband 
transitions. 


There  is  a  sustained  interest  in  physical  systems  of  reduced 
dimensionality.  Considerable  effort  is  being  devoted  to  two  dimen¬ 
sional  (2D)  electron  gases  in  semiconductors,  where  the  electrons  are 
confined  in  narrow  ('v-10oX)  space  charge  regions  at  surfaces  and  inter¬ 
faces.  In  polar  semiconductors,  the  collective  excitations  of  the 
confined  electrons  couple  strongly  to  longitudinal  optic  (LO)  lattice 
vibrations1. 

2 

The  multilayer  2D  electron  gases  in  modulation-doped 
GaAs  -  (AlGa)As  multiple-quantum-well  (MQW)  heterostructures  are  an 
extremely  interesting  system,  where  electron- LO  phonon  interactions 
have  been  studied  by  resonant  inelastic  light  scattering1'4.  We 
consider  here,  very  briefly,  the  coupled  modes  system  of  collective 
intersubband  excitations,  associated  with  transitions  of  confined 
electrons  between  2D  subband  states,  and  LO  phonons  in  the  MQW 
heterostructures . 

Blectron-LO  phonon  coupling  occurs  in  these  systems  because 
the  polar  lattice  screens  the  depolarisation  electric  fields,  described 
by  effective  plasma  frequencies5'6,  of  the  collective  intersubband 
excitations.  In  the  case  of  isolated  quantum-wells,  the  coupled  nodes 
are  described  by7 


det 


.*«*> 


0 


(1) 
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which  is  a  slight  generalization  of  the  collective  mode  equation 

0 

derived  by  Dahl  and  Sham  .  In  Equation  (1)  is  the  energy  of  the 

vertical  transition  between  subbands  k  and  l.  6.  .  ...  =  1  when  the 

transitions  i  -*■  j  and  k  ■*  t  are  identical  (i-k,j=£)  and  zero  otherwise. 
E^  (i-»-j  ,k-*-f )  is  the  set  of  effective  plasma  energies  that  describe  the 

depolarization  field  effects,  including  coupling  among  the  different 

2 

intersubband  excitations  of  one  quantum-well.  E  (i-*g  ,k-*-f)  can  be 
•J  A  7  o  P 

written  as  '  ' 

Ep(iH-j,k-f)  'v  [ns(k)  -  ng(frjL(i-j,k-f)  ,  (2) 

where  L(i-»-;j,k-*-£)  is  the  Coulomb  matrix  element  for  the  transitions 
and  ng(k)  is  the  charge  density  in  level  k.  eL(E)  is  a  phonon  longi¬ 
tudinal  dielectric  function  of  the  layer,  that  accounts  for  the 
screening  of  the  depolarization  electric  field  by  the  lattice. 

In  the  isolated  quantum-well  approximation,  which  is  valid 

O 

in  the  case  of  wide  (''-SOA  or  larger)  (AfGa)As  barriers,  the  Coulomb 

7  8 

matrix  element  is  given  by  ' 


L<i-j,k-f) 


Z 

dz'Ci(z')5*(z') 


Z 

dz"  Ck(z"K*(z"  )  , 


(3) 


where  the  £(z)  are  the  eigenfunctions  of  the  states  of  a  single  quan¬ 
tum-well.  The  mirror  symmetry  of  the  quantum-wells  reduces  the  non¬ 
zero  elements  of  L(i-«-j ,k-*£ )  to  those  in  which  the  transitions  i  -*■  j 
and  k  -*•  l  have  the  same  parity.  This  implies  that  there  is  no  coupling 
among  intersubband  excitations  of  opposite  parity. 


omMsn  nrn  musty 


Figure  1  shows  schemati¬ 
cally  the  energies  of  coupled  modes 
as  a  function  of  areal  charge 
density  in  the  case  in  which  there 
are  three  possible  intersubband 
transitions,  associated  with  three 
subbands  in  each  quantum-well,  n* 
is  the  charge  density  at  which  the 
first  excited  subband  begins  to 
populate  with  electrons.  For 
n  <  n*  there  are  only  two  possible 
transitions;  Eq^  of  odd  parity  and 
*01  of  even  parity.  For  n  >  n*  we 


Fig.  1 
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have  in  addition  the  Z^2  odd  parity  transition.  In  obtaining  the 
curves  of  Figure  1  we  have  represented  el(E)  with  the  lattice 
dielectric  function  of  bulk  GaAs. 

This  approach  has  been  applied  towards  the  interpretation 
of  liqht  scattering  spectra  of  single  particle  (spin-flip)  and 

collective  intersubband  excitations  in  modulation-doped  GaAs  - 

3  4  8  9 

(AfGa)As  MQW  heterostructures  '  '  '  .  The  procedure  has  led  to  a 
determination  of  Coulomb  matrix  elements  for  the  intersubband 
transitions,  that  are  the  only  adjustable  parameters  in  the  coupled 
modes  equations  (1)  and  (2) .  Coulomb  matrix  elements  have  been  cal¬ 
culated  using  finite  quantum-well  envelope  functions  that  include  the 
effects  of  band-bending  within  the  GaAs  layers10.  The  results  of 
this  calculation,  which  has  no  adjustable  parameters,  is  in  excellent 
agreement  with  the  Coulomb  matrix  elements  determined  from  experiment. 
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ABSORPTION  OF  BALLISTIC  PHONONS  BY  THE  2D  ELECTRON  GAS  IN  A  Si  MOSFET 

J.C.  Henael,  R.C.  Dynes  and  D.C.  Tsui 

Bell  Laboratories,  Murray  Bill,  New  Jersey  07974,  U.S.A. 


Abstract.-  Measurements  of  the  absorption  of  ballistic  phonons  by  the  two- 
dimensional  electron  gas  (2DEG)  in  the  inversion  layer  of  a  Si  MOSFET  are 
presented  and  compared  with  theory. 


This  paper  reports  measurements  of  the  absorption  of  ballistic  phonons  by 
the  2DEG  in  the  inversion  layer  of  a  (100)  Si  MOSFET  at  2K.  The  rationale  is  to 
determine  directly  the  electron-acoustic  phonon  interaction  in  2D  vis-a-vis  the 
3D  case  considered  in  our  earlier  work. 

The  experimental  geometry  is  pictured  in  Fig.  1.  The  sasiple  consists  of  a 
Si  prism  upon  whose  (001)  base  is  fabricated  a  large  (2.5  *  2.5  am2)  MOSFET  device 

O 

(800QA  thick  Si02) .  A  [ill!  beam  of  ballistic  phonons  generated  from  a  pulsed 
laser  heater  positioned  on  one  Inclined  face  reflects  from  the  interface  above  the 
gate  and  is  detected  by  an  At  bolometer  on  the  opposite  Inclined  face.  A  5  Ec 
square  wave  voltage,  0  to  is  applied  to  the  gate  and  the  resulting  modula¬ 

tion  AI  in  phonor  Intensity  I  due  to  absorption  is  detected. 

Profiles  of  AI/I  for  LA  phonons  shown  in 
Fig.  2  were  recorded  as  w**  varied  increm¬ 
entally  from  0  to  *  80  volts  with  excitation 
power  density  P/A  a  parameter.  This  monitors 
absorption  as  a  function  of  2k^  in  accordance 
with  the  relationship  2k^  •  2^  «  ^  (ky  - 
Fermi  wmvevector  and  n  ■  electron  areal  density). 

The  heater  temperature  T.  was  estimated  from  P/A 

n  4 

by  use  of  the  black-body  formula  P/A  “  oT^  (c  is 
a  Stephan- Boltzmann  constant) . 

According  to  theory,  the  mechanism  for  absorption  of  a  phonon  with  wmvevector 
q  by  a  degenerate  electron  gas  is  the  scattering  of  an  election  across  the  Fermi 
surface.  (See  inset  in  Fig.  3).  Such  a  scattering  process  in  2D  is  characterised 
by  a  transition  probability  shown  in  Fig.  3  which  is  peaked  sharply  in  the  vicinity 
of  q  *v  2ky,  to  an  even  greater  degree  than  in  3D  where  it  is  linear  in  q  up  to 
*  2ky.  Thus,  the  selective  absorption  near  2ky  acts  as  a  "slit"  in  energy  which 


Fig.  1.  Sample  geometry. 
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Fig.  2.  Experimental  absorption  Fig.  3.  Sketch  of  the  absorption 

profiles  for  LA  phonons:  function  G(q) . 

(o)  Th  -  x2.4K;  (•)  Th  -  8.77K. 

can  be  scanned  by  control  of  Theoretical  profiles  representing  the  convolu¬ 

tion  of  the  sharp  absorption  function  with  a  Planckian  phonon  distribution  (inclu¬ 
ding  effects  of  isotope  and  umklapp  scattering)  are  shown  in  Fig.  4.  (The  calcula¬ 
tion  assumes  the  electron-phonon  interaction  to  be  the  same  as  in  the  bulk 
crystal) . 

Comparison  of  the  experimental  profiles  with  theory  demonstrates  generally 

good  agreement  as  regard  to  their  overall  shape.  The  profiles  are  observed  to 

have  a  quasi-Planckian  shape  and  to  exhibit  a  Wien  displacement  with  T^.  It 

should  be  noted  that  the  profiles  trace  out  the  phonon  distribution  in  detail, 

suggesting  potential  application  in  phonon  spectroscopy.  We  should  mention  that 

without  the  inclusion  of  isotope  scattering  In  the  calculations  the  peak  positions 

would  hawe  been  substantially  overestimated,  e.g.  at  2kp  •>»  7  x  lo6  cm-1  for  Tfa 

“  12.4K.  (Moreover,  if  the  acoustic  mismatch  model  had  been  used  to  estimate  T , 

n 

the  resulting  would  have  been  a  factor  of  ^  2  higher  precluding  any  possible 
agreement) . 

Although  the  overall  match  of  theory  and  data  is  definitely  encouraging, 
there  is  one  glaring  discrepancy;  and  that  is  the  absolute  magnitude  of  the  ab¬ 
sorption  is  a  factor  >  10  larger  than  calculated.  If  the  structure  of  the  theory 
is  sound,  as  the  close  correspondence  of  most  spectroscopic  features  would  attest 
>  to,  then  the  source  of  the  discrepancy  would  be  in  the  strength  of  the  electron- 

I' 

|  phonon  interaction.  Two  possibilities  are:  (1)  many-body  effects  (not  too  prom- 

j  islng  inasmuch  as  renormalized  deformation  potentials  are  typically  reduced)  and 

1  (2)  effects  related  to  the  interface.  We  have  evidence  that  the  observed  phonons 


i 
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Fig.  A.  Calculated  absorption 
profiles  for  LA  phonons. 


Fig.  5.  Experimental  absorption 

profiles  for  TA  ,<*'ononst 

(o)  T.  -  12. 4K;  (•)  T.  -  8.77K. 


reflect  primarily  from  the  Sl-S102  interface  and  hence  may  be  significantly  per¬ 
turbed  in  the  region  a  few  phonon  wavelengths  thick)  where  the  interaction 
occurs.  One  should  note  in  this  regard  that  there  is  a  partial  cancellation  of 
terms  comprising  the  effective  deformation  potential  for  LA  absorption  which  might 
be  rather  sensitive  to  details  of  this  sort. 

Data  for  TA  phonons  shown  in  Fig.  5  are  similar  except  that  the  TA  profiles 
are  shifted  to  substantially  higher  q-values  by  virtue  of  their  smaller  velocity. 
Although  still  sketchy,  the  data  suggest  that  the  magnitude  of  the  peak  absorption 
is  nearly  a  factor  of  2  less  than  LA.  Theory,  on  the  other  hand,  predicts  a  ratio 
TA/LA  *  1.8  dependent  essentially  only  on  the  effective  deformation  potentials, 
which  brings  their  characterisation  into  question. 

In  conclusion,  data  are  emerging  from  ballistic  phonon  experiments  which 
deawAstrate  substantial  phonon  absorption  in  a  2DEG.  Although  the  spectroscopic 
features  are  In  reasonable  agreement  with  theory,  the  absolute  magnitude  of  the 
observed  absorption  of  LA  phonons  is  more  than  one  order  of  magnitude  greater  than 
theoretical  estimates  for  reasons  that  are  still  obscure. 

We  thank  T.  M.  Rice  and  N.  Lax  for  a  number  of  Informative  discussions  end 
G.  Kaminsky  for  sample  preparation.  We  are  especially  indebted  to  F.  C.  Unterwald 
for  his  vital  role  in  the  execution  of  the  experiments . 

gmaga 

1.  See,  a.g.,  J.  C.  Hansel  and  R.  C.  Dynes,  Fhys.  Rev.  Letters  39.  969  (1977). 
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NEUTRON  SPECTROSCOPY  OF  PHONONS  IN  RbC8 

W.A.  Kmitakahara,  N.  Wada**and  S.A.  Solin** 

Ames  Laboratory-USDOE  and  Department  of  Physios,  Iowa  State  University,  Ames, 
Iowa  80011,  U.S.A. 

*James  Franck  Institute,  University  of  Chicago,  Chicago,  Illinois  60637,  U.S.A. 

** Department  of  Physics,  Michigan  State  University,  East  Lansing,  Michigan  48824, 
U.S.A. 


Abstract.-  Neutron  scattering  Methods  have  been  used  to  Investigate  the 
lattice  dynamics  of  stage-one  Kb  graphite.  Intercalate  (Kb)  nodes  with 
polarisations  and  wave  vectors  parallel  to  the  basal  plane  have  been  ob¬ 
served  for  the  first  tine.  The  experiaen tally-derived  partial  phonon 
density  of  states  for  intercalate  nodes  is  conpared  with  nodel  calcula¬ 
tions.  Phonon  dispersion  curves  have  been  neasured  for  longitudinal  c- 
axls  nodes  snd  for  sane  transverse  nodes  propagating  in  the  basal  plane. 


1.  Experiment.-  A  large  (6  cm3)  sanple  was  prepared  by  the  usual  two-bulb 
method1  fron  Union  Carbide  ZYH  pyrolltlc  graphite.  The  crystallites  In  such  a 
sanple  are  aligned  with  a  coanon  c-axla  but  are  randonly  oriented  in  the  ab 
plane.  A  triple-axis  spectroneter  at  the  Oak  Ridge  Research  Reactor  was  used  to 
carry  out  the  neutron  scattering  neasurenents . 

2.  Intercalate  Modes.-  By  these  we  wean  phonons  for  which  the  notions  Involved 
are  alnost  conpletely  those  of  the  Intercalate  (Kb)  atons,  with  wave  vectors  and 
displacenents  parallel  to  the  basal  plane.  By  averaging  spectra  for  a  nunber  of 
wave  vector  transfers  Q  in  the  basal  plane,  we  have  been  able  to  obtain  a  par¬ 
tial  phonon  density  of  states  for  the  Intercalate  nodes,  as  shown  la  Fig.  1.  In 
the  low-energy  region  shown,  for  such  scans  with  $  parallel  to  the  basal  plane, 
the  graphite  host  responds  only  very  weakly  because  of  the  very  strong  forces 
opposing  intralayer  In-plane  displacements  Of  C  atoms.  The  general  room  back¬ 
ground  and  Inelastic  scattering  fron  the  graphite  planes  (determined  by  a  scam 
on  pure  pyrolltlc  graphite)  gave  a  smooth,  gently  sloping  contribution  to  Ale 
observed  spectra  which  was  subtracted  off  in  order  to  obtain  the  intercalate 
mode  spectrum.  Hie  latter  was  then  converted  to  a  phonon  density  of  states  by 
dividing  by  well-known  factors  in  the  one-phonon  neutron  cross  s action. 

The  data  shown  in  Pig.  1  word  compared  with  several  model  calculations,  in 
no  case  wore  we  able  to  obtain  good  agreement  with  models  considering  only 
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Pig.  1  :  Points  are  the  experi¬ 
mentally-derived  partial  phonon 
density  of  states  for  Inter¬ 
calate  modes.  Calculation  NN 
results  from  a  two-dimensional 
(2D)  nearest-neighbor  force 
model,  while  C  represents  a  3D 
unscreened  Coulomb  force  model. 


FREQUENCY  »<THi) 


short-range  (i.e.t  nearest-neighbor)  forces  between  Rb  atoms.  On  the  other 
hand.  It  was  found  that  a  model  In  which  the  Rb-Rb  forces  were  simply  the 
unscreened  Coulomb  interactions  between  +1  ions  gave  a  good  description  of  the 
Intercalate  mode  phonon  density  of  states  (see  curve  C  In  Pig.  1).  This  model 
has  only  one  adjustable  parameter,  representing  the  short-range  C-Rb  forces, 
which  creates  a  loir-frequency  cutoff  to  the  spectrins,  and  shifts  all  modes  to 
somewhat  higher  frequencies.  The  overall  shape  of  the  spectrum  and  the  general 
magnitude  of  the  frequencies  arise  from  the  crystal  structure  and  the  Coulomb 
Interaction,  for  which  we  need  to  introduce  no  additional  parameters.  The  good 
agreement  with  experiment  shows  that  conduction  electron  screening  of  the  Rb 
notions,  although  it  must  be  present,  has  a  much  less  important  effect  on  the 
intercalate  phonon  spectrum  in  RbCg  than  on  the  lattice  dynamics  of  pure  Rb 
metal. 2»3  The  unusual  order-disorder  phase  transformations  which  occur** 5 
in  RbCg  and  similar6  compounds  must  closely  Involve  the  intercalate-lntercalate 
and  intercalate-graphite  interactions  about  which  we  have  obtained  detailed 
Information  through  our  experiment  and  Its  analysis. 


3.  Phonon  Dispersion  Curves .-  In  addition  to  our  observations  of  intercalate 
modes,  we  have  also  made  measurements  on  phonon  dispersion  in  RbCg.  The 
longitudinal  Interlayer  frequencies  for  modes  propsgating  along  the  c— axis  are 
in  generally  good  agreement  with  the  previous  measurement*  of  Ellenson  et  al.* 
Dispersion  curves  for  transverse  modes  with  polarisation  perpendicular  to  the 
basal  plane,  but  with  wave  vector  in  the  basal  plane,  were  also  measured,  and 
are  shown  la  the  right  hand  side  of  Fig.  2.  Because  our  i^-ple  is  c -oriented 
and  not  a  single  crystal,  these  dispersion  relations  are  averages  over  all 
directions  in  the  beaal  plane.  However,  sa  in  pure  graphite,6  w(q)  is  bound  to 
be  rather  Isotreplc  far  q  la  the  basal  plana.  The  lowest  of  these  transverse 
branches  Ilea  substantially  lower  than  in  pure  graphite,6  despite  the  fact  that 
the  strong  1st r slayer  C-C  forces  which  largely  determine  these  modes  In  pure 
graphite  ate  unlikely  to  be  much  different  in  RbCg.  Qualitatively,  this  points 
to  a  disproportionate  participation  of  Rb  notions  (i.e.,  large  Rb  phonon 
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eigenvectors)  for  these  nodes  in  the  intercalation  coapound.  Recently  proposed 
lattice  dynaalcal  nodels4 5 6 7’8  should  be  useful  In  snalyslng  our  results. 


The  Anes  Laboratory  Is  operated  for  the  U.S.  Department  of  Energy  by  Iowa 
State  University  under  contract  no.  W-7405-Eng-82.  This  research  was  supported 
by  the  Office  of  Basic  Energy  Sciences,  WPAS-KC -02-02-01 .  SAS  was  supported  by 
the  U.S.  Any  Research  Office  under  grant  no.  DAAG-29-80-K-0003. 
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DYNAMICS  AND  THERMODYNAMICS  OF  A  ONE  DIMENSIONAL  NON-LINEAR  LATTICE  IN 
THE  CONTINUUM  LIMIT 


S.N.  Behera  and  A.  Khare* 

Institute  of  Physios,  Bhubaneswar-751007,  India 
*  Department  of  Physios,  Manchester  University,  Manchester,  U.K. 


Abstract.-  The  dynamics  of  s  non -linear  on*  dimensional  lattice, 
with  the  on-site  potential  V(q>)  -  (^VB)  Cosh  4^-  f  Cosh  2$  - 
(  is  cons  Ida  red  in  the  continuum  limit.  Exact  classical 

kink  solutions  are  obtained*  for  ^  <  2,  in  which  case  the 

potential  has  the  double  well  lost.  The  free  energy  of  the 
system  is  calculated  using  the  ground  state  eigen  value  of  the 
Sdiredinger  like  equation  for  this  potential. 


1.  Introduction.-  In  recant  years  exact  classical  solutions  of  one 
dimensional  nan-linear  equations  have  found  applications  in  various 
branches  of  condensed  matter  physics1*  *he  non-linear  problems  which 
are  of  particular  interest  to  lattice  dynamics  are  the  Tods  lattice2 
and  the  lattices  having  on-site  potentials  with  more  than  one  degene¬ 
rate  minima,  such  as  the  <^"and  field  theories3' 4;  the  latter 

cases  being  the  continuum  representations  of  the  corresponding  lattice 
problems.  In  all  these  cases  there  exist  exact  large  amplitude  classi¬ 
cal  solutions  called  ’Soli tons 1  (kinks)  besides  the  well  known  small 
amplitude  harmonic  vibrations  (phonons).  It  has  been  shown  by 
Krunhansl  and  Schrieffer3  for  the  case  of  the  field  theory  that  at 
low  temperatures  both  the  phonons  as  wall  as  the  kinks  are  well 
defined  excitations  of  the  system  and  hence  contribute  to  the  free 
energy.  They  further  identified  a  part  of  the  exact  (calculated  with¬ 
in  the  WKB  approximation )  free  energy  with  that  of  an  ideal  gas  of 
the  kinks.  Since  then  this  identification  has  undergone  much  refine¬ 
ment  and  rigour5.  In  the  4  field  theory  the  on-site  potential  being 
of  a  double  well  nature  serves  as  a  model  for  second  order  phase  tran¬ 
sitions.  In  an  earlier  publication  we4  considered  the  <f>4 -field  theory 
(where  the  on-site  potential  has  three  minima)  as  a  modal  for  the 

first  order  phase  transition.  In  contrast  to  the  (^>  ^-theory,  this  has 
the  advantage  that  the  free  energy  of  the  system  can  be  calculated 
exactly.  However,  we  failed  to  Identify  this  exact  result  with  that  of 
the  ideal  kink -gas  phenomenology. 

2n  the  present  paper  we  report  the  dynamics  of  yet  another  one- 
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dliMiowl  linear  lattice,  which  can  eerve  as  a  nodal  for  second 
order  phase  transition  and  for  which  it  la  possible  to  calculate  the 
exact  free  energy. 


2.  Dynamics  of  the  Model.-  In  this  model  the  on-site  potential  is  of 
the  form 


VC4>)  =  (S*/« )  C<mK  44  -  -5  Cask  24  -  (?M 


It  can  be  easily  checked  that  V(<^)  has  minima  at 

=  °  -for  ^  >2 

•«*  GxK24>=2/|  ~fox  S<2 


(2a) 

(2b) 


For  the  latter  condition  there  are  two  degenerate  minima.  The  values 
of  the  potential  at  the  minima  are 


and 


V>*un  C4>  =  C0  ~  ~  ^ 

(  C«U  =  y%)  =  -( 1+^/4) 


In  the  continuum  limit  the  equation  of  motion  of  the  corresponding 
classical  field  theory  is  given  by 


where 


^  -  i^2  StA  k  +  2  5  2^=0 

S=  (a- tf4)/[m(c2-tf-)]*/2 


(4) 

(5) 


U  and  Co  being  the  velocity  and  the  maximum  sound  velocity.  It  can 
be  easily  checked  that  eqn. (4)  has  ekact  solutions}  _v 

4>(s)  =  iowi)  *  VC  ^2/4)  ^  WkV2(»-tWfs] 

in  the  limit  of  a  -*  ♦  so  #  eqp.<«)  gives 

W<<k±*o)  =  +  CCa-«^+?>J' *  (7> 

which  are  the  values  of  <$>  corresponding  to  the  degenerate  minima. 
Hence,  the  solutions  given  by  eqn. (6)  are  the  kink  solutions  having 
energy 


*K  *  *V  Cc 


(8) 


where 


»(«m/a4)lA0-  ***/*- 


Besides  the  large  aaplitud*  kink  solutions  given  tty  a<p.(6)  there  via. 
also  exist  small  asplituds  harmonic  solutions  (phonons)  around  the 
potential  minima. 
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3*  Statistic*!  Mechanics  of  the  Modal.-  The  fm  energy  of  tho  iyit« 
can  bo  calculated3' 4  fro*  o  knowledge  of  tho  ground  ototo  of  «*e 
Schrodlnger  like  oquotlon 

[-  &  +  vw  3  **c*}  =  ...» 

whoro  tho  tesperaturo  dependant  effective  mass  is  given  by 

w*  -  tv\  $<£/<£  ,  (  jf1.  k*r)  (u) 

For  tho  potential  given  by  eqn. (l) ,  equation (10)  can  be  factorized  as 

[-4  +a/2)  4,  +(t/i)SL»,V, 

T  T  (12) 
to  yield  the  exact  ground  state6  eigen  value 


*o-  0 

and  the  eigen  function 


(13) 


(14) 


Hence  the  free  energy  per  unit  length  of  the  system  be cones 

P/l,  or  €c/a  -  (2ap)V(2im/|j)  -Up)1^(*lr^P10<4) 


where 


€o  »  H6-\^w 


1  f6r  t  >2 
(l+^A)  h' 


(16) 


thus  the  free  energy  can  be  evaluated  exactly.  However  as  In  the  case 
of  the  (}f  -problem,  for  this  potential  also  it  is  not  possible  to 
identify  the  exact  free  energy  with  a  phonon  part  and  that  of  an  ideal 
kink  gas. 
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LIMITATIONS  ON  THE  USEFULNESS  OF  METALLIC  THIN  FILM  SEMICONDUCTORS  FOR 
PHONON  DETECTION 


S.J.  Rogers,  C.J.  Shaw  and  H.D.  Wiederiek* 

Physios  Laboratory,  University  of  Kent  at  Canterbury,  Canterbury,  Kent,  England 
R.M.C.,  Kingston,  Canada 

Abstract.-  Ultra-thin  metallic  films  behave  essentially  as  semiconductors. 

He  have  explored  the  use  of  Ni-Cr  devices  in  this  regime  for  phonon  pulse 
detection.  The  evaporated  films,  which  were  typically  ^  20  A  thick,  were 
deposited  between  layers  of  SiOx  on  a  sapphire  substrate.  Suitable  films 
had  room  temperature  resistances  per  square  in  the  range  10  -  13  Ka  and 
these  values  increased  to  10s  -  10s  a  at  1°K.  By  using  very  short  (2Sy) 
conduction  paths  in  parallel,  device  resistances  were  reduced  to  ^  100  ft 
at  1°K.  We  have  tested  devices  down  to  0.1°K  and  two  serious  problems 
limit  their  usefulness:  the  low  tenperature  resistances  are  quite  non-ohnic 
for  small  currents ;  the  thermal  tine  constants  are  surprisingly  long. 


Metallic  films  a  few  atonic  dimensions  in  thickness  behave  essentially  as  semi¬ 
conductors^;  their  equivalent  specific  resistivity  is  high  and  the  resistance 
variation  with  temperature,  T,  can  be  approximately  represented  by  R  -  Rq  exp(TQ/r) , 
where  TQ  is  some  characteristic  teaperature.  The  conduction  mechanism  is  predomin¬ 
antly  tunnelling  between  the  island  structures  which  are  characteristic  of  such 
films.  The  aperiodic  potential  of  these  structures  serves  to  localize  the  electrons, 
and  this  leads  to  infinite  resistivity  at  0°K^2\  Systems  showing  such  localization 
effects  have  been  of  considerable  recent  interest.  The  thin  film  resistivity  is  in 
general  not  mich  affected  by  magnetic  fields,  and  this  suggests  that  it  might  serve 
to  detect  phonon  pulses  in  experiments  requiring  such  fields.  Almost  any  nan- 
superconducting  metal  could  be  used  for  a  bolometer,  but,  following  Griffin  and 
Mochel^  we  have  concentrated  our  work  on  80/20  Ni-Cr  alloy  films  which  can  be 
successfully  deposited  at  room  teaperature. 

The  films  studied,  which  were  typically  *  20  X  in  average  thickness,  were 
deposited  by  evaporation  (at  a  rate  v 4  X/sec)  between  layers  of  SiO*  on  a  sapphire 
substrate,  through  which  phonon  pulses  could  be  transmitted.  The  SiOg  layers  were 
deposited  at  rates  in  the  range  20  -  100  A/sec  by  the  evaporation  of  SiO  under  a 
pressure  <  KT5  torr.  The  first  oxide  layer  on  the  substrate  (*  1000  X)  provided  a 
chemically  inert  well  characterised  surface  for  the  Ni-Cr,  and  the  second  protective 
oxide  layer  (  *  3000  X)  was  deposited  on  top  of  the  Ni-Cr  film  without  breaking  the 
vaaaau  The  variation  with  temperature  of  the  resistance  of  the  Ni-Cr  films  depends 
critically  tqx®  their  thickness ,  and  semiconductor  behaviour  is  observed  over  a 
thickness  range  of  only  a  few  X  ^ .  The  room  temperature  resistivity  of  our  films 
provided  a  sensitive  guide  to  their  low  temperature  properties;  films  with 
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resistivities  in  the  range  10  -  13  Kfl  per  square  were  most  suitable  for  use  as 
bolometers  at  1°K. 

The  resistance  values  for  suitable  films  changed  little  in  cooling  to  77°K, 
though  in  sene  cases  there  was  an  initial  decrease  of  up  to  101,  but  the  resistances 
typically  increased  to  10s  -  106  fi  per  square  at  1°K.  Such  values  are  inconveniently 
large  if  the  bolometer  circuit  is  to  have  an  electrical  time  constant  short  compared 
with  the  time  scale  of  typical  phonon  pulses,  and  in  practical  devices  an  interdig¬ 


ital  comb  geometry  was  adopted  in  which  conduction  was  across  Ni-Cr  strips  ^  25  p 

wide.  The  device  resistance  values  were  102  -  103 


times  less  than  for  a  square  film.  Somewhat  sur¬ 
prisingly,  the  change  in  geometry  markedly  affected 
the  resistance  characteristics  of  the  films.  In 
narrow  geometries  the  equivalent  specific  resisti¬ 
vity  per  square  was  increased  as  compared  with 
that  for  a  square  monitor  film.  Fig.  1  shows  this 
effect  for  a  series  of  simultaneously  deposited 
films  of  differing  conduction  path  length;  the 


Fig.  1  Effect  of  film  geometry 
on  resistivity 


enchancement  factor  here  is  the  ratio  of  the 
measured  resistance  to  that  calculated  from  geo¬ 


metry  and  the  resistance  of  a  square  film.  Reduc¬ 
ing  the  conduction  path  length  also  changed  the 
film  chickness  needed  for  the  desired  resistance 
variation  at  1°K;  it  was  therefore  necessary  to 
use  thinner  films  for  the  interdigital  devices. 

Fig.  2  shows  the  resistance  variation  in  the 
temperature  range  0.1  -  lO^K  for  two  such  devices 
in  which  the  conduction  path  length  was  29  p. 

The  difference  in  the  two  characteristics  is  a 
measure  of  the  difficulty  experienced  in  making 
devices  to  a  given  specification.  In  each  case, 
above  1°K  the  resistance  variation  is  essentially 
exponential,  but  there  is  an  unexpected  plateau 
at  lower  temperatures.  Although  the  measured 
resistances  in  this  plateau  region  varied  little 
with  power  dissipation,  which  was  %  1CT11  W  for 
these  measurements,  it  is  possible  that  the 
apparent  almost  constant  resistance  arises  because 
of  non-ohaic  effects.  We  note,  however,  that  in 

u  i  10 

TEMPERATURE  (*x>  tills  temperature  range  the  resistance  of  some  thin 

films  has  been  observed  to  show  a  logarithmic  temp¬ 
i'll.  2  Resistance  of  two  devices  erature  and  power  dependence^.  The  resistivity 
(confection  path  ■  29|t)  platen*  severely  limits  the  devices'  useful 
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teaperature  range  for  phonon  detection.  Even  at 
higher  temperatures  it  is  difficult  to  make  practi¬ 
cal  use  of  the  potential  sensitivity  because  the 
film  resistances  are  highly  non-ohmic  for  quite 
small  power  inputs.  For  phonon  pulse  detection, 
the  device  oust  be  fed  with  a  biassing  current, 
but  typically  a  current  of  only  50  uA  markedly 
reduced  the  sensitivity.  This  will  be  seen  in 
Fig.  3  which  shows  the  I-V  characteristics  of  an 
interdigital  device  at  three  teaperatures;  the 
differential  resistance  varies  little  with  teaper¬ 
ature  except  for  saall  biassing  currents. 

In  developing  these  devices  it  was  thought  that 
non-ahmic  effects  would  arise  when  the  voltage 
between  metallic  islands  was  %  kTQ/e,  and  that  with 
Tq  values  of  a  few  degrees,  if  the  film  granularity  was  of  the  same  scale  as  the 
film  thickness  (20  -  40  X) ,  it  would  be  possible  to  use  biassing  voltages  %  100  oV . 
This  accords  with  the  observations  of  Griffin  and  Mochel  that  some  of  their  thermo¬ 
meters  were  essentially  ohmic  up  to  power  levels  %  10"  4  W.  The  allowable  dissi¬ 
pation  levels  for  the  bias  power  in  our  devices  were  ID4  times  lower  than  this. 

The  usefulness  of  these  devices  is  further  limited  by  their  surprisingly  long 
thermal  time  constants  (<*.  20  us).  The  thermal  origin  of  these  time  constants  was 
confirmed  in  an  experiment  with  a  superconducting  Ai  bolometer  in  series  with  a 
Ni-Cr  device  on  the  same  sapphire  substrate.  The  superconducting  film  responded 
rapidly  (<  0.1  us)  to  the  phonon  flux  and  gave  an  undifferentiated  signal,  but  the 
Ni-Cr  film  gave  an  integrated  signal,  of  the  opposite  polarity,  from  which  the 
original  phonon  pulse  profile  could  be  obtained  by  electrical  differentiation. 

Although  their  sensitivity  is  poor,  we  have  made  some  use  of  the  Ni-Cr  devices 
in  experiments  on  supercoohicting  At  single  crystals.  It  is  not  clear  that  they 
offer  any  real  advantage  over  carbon  films  which  also  function  as  integrating  dev¬ 
ices  and  are  similarly  insensitive  to  magnetic  fields. 
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RAMAN  SCATTERING  IN  MoS2,MoSe2  AND  a~MoTe2  AT  HIGH  PRESSURES 
S.  Sugai*,  T.  Ueda  and  K.  Murase 

Department  of  Physios,  Osaka  University,  Toyonaka,  560  Japan. 


Abstract.-  Lattice  vibrations  under  hydrostatic  high  pressure,  up  to  180  kbar, 
were  investigated  in  the  layered  materials,  2H-MoS2>  2H-MoSe,  and  a2H-MoTe2, 
by  Ranan  scattering.  Including  the  rigid  layer  mode,  one  Aj  and  two  E,  - 
■odes  were  observed  in  each  naterial.  The  energy  of  the  rigfd  layer  moa§ 
rapidly  increased  with  pressure,  but  the  increase  became  slow  above  50  kbar. 
The  pressure  dependences  of  the  interlayer  shear  force  constant  and  intra¬ 
layer  shear  force  constant  were  obtained  using  a  linear  chain  model. 


The  Group  VI  transition  metal ,  molybdenum  dichalcogenide  MoX2  has  the 
typical  2H-type  layer  structure.  The  2H-MoX2  contains  two  layers  in  a  unit  cell, 
and  therefore  the  rigid  layer  mode  is  observable  by  optical  spectroscopy,  and  the 
weak  van  der  Waals  interlayer  binding  force  can  be  investigated.  Applying  hydro¬ 
static  pressure,  the  interlayer  distance  rapidly  decreases  and  interlayer  binding 
force  increases. 

The  crystal  structure  of  2H-MoS2>  2H-MoSe2  and  a2H-MoTe2  is  the  hexagonal 

Dgh<  The  long  wavelength  optical  phonons  are  A^  ♦  *2u  *  Blu  *  28 2g  +  Elg  *  Elu  + 

2E_  ♦  E_  .  The  A,  .  E,  and  E,  -nodes  are  Raaan  active.  One  B'  and  one  E„  - 
2g  2  u  lg  lg  2g  2g  2g 

■ode  (E.  2)  are  the  rigid  layer  nodes.  The  lattice  vibration  has  been  measured  by 

*•  1  21  1-41  51 

Raaan  scattering,  ’  '  infrared  spectroscopy  ‘  and  neutron  scattering  '  at  atmos¬ 
pheric  pressure.  The  A^  and  E2*  -  nodes  in  2H-MoS2  have  been  measured  under  high 
pressure.6^ 

The  hydrostatic  high  pressure  was  generated  by  a  diamond  anvil  cell.  The 
pressure  was  measured  by  a  wavelength  shift  of  a  ruby  Rj  fluorescence  line 
(dP/dX  ■  2.74  kbar  /  A).  The  Raman  scattering  experiment  was  executed  in  a  back 
scattering  configuration  using  a  5145  A  argon  ion  laser  average  power  100  mN,  and  a 
double  holographic  grating  monochrome  ter,  Spex  1400.  The  A^  and  -  modes  are 
observable  in  this  configuration. 

Figures  1(a)  -  (c)  show  the  observed  pressure  dependence  of  the  phonon 
energies.  The  energies  of  rigid  layer  modes  increase  rapidly  with  pressure,  but 
the  increase  decreases  above  50  kbar.  The  energies  at  atmospheric  pressure  are  in 
good  agreement  with  Meting,  et  al's  data,1,2)  and  the  pressure  coefficient  of  the 
Ajg  and  E2^  -  modes  near  atmospheric  pressure  is  in  good  agreement  with  Bagnall,  et 
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Fig.  1(a) 


al's  data. ^  These  results  are  summarized  in 
Table  I. 

Many  models  have  been  proposed  to  calcu¬ 
late  the  phonon  energy.  In  this  paper,  the 
simple  linear  chain  model  proposed  by  Wieting7^ 
was  adopted.  The  shear  and  compressive  force 
constants  between  the  chalcogen  planes  of  the 
neighboring  layers  are  expressed  by  and  c£, 
respectively.  The  shear  and  compressive  force 
constants  between  the  molybdenum  and  chalcogen 
planes  in  a  layer  are  expressed  by  and  c£, 
respectively.  The  energy  of  the  AJg  and 
modes  are 


o>2(Alg)  =  «£  ♦  2C£)/Mx, 
u*^C^2g^  ^  Cw  (1  +  2C*M2/C*Mx2)/M, 
“2(E2g2)  £  4Cb/(M.  +  “x1’ 


where  M  and  M  are  the  atomic  masses  of  molyb¬ 
denum  and  chalcogen,  and  M  =  ,  The 

shear  force  constant  rapidly  increases  with 
pressure  as  shown  in  Fig.  2.  The  ratio  of  the 
interlayer  shear  force  constant  C*  and  the 
intralayer  shear  force  constant  CT  rapidly 
increases  with  pressure,  but  the  value  is  only 
8%,  even  at  150  kbar.  Evidence  of  a  phase 
transition  was  not  observed  in  the  pressure 
range  of  this  experiment. 

The  authors  are  grateful  to  S.  Uchida  and 
S.  Tanaka  for  supplying  MoS^  and  MoSe^ 
crystals. 


Fig.  1(b) 
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Fig. 2  :  Pressure  dependence  of  the 
interlayer  force  constant. 


Fig.  1(c) 

Fig ■ 1  :  Pressure  dependence  of  the 
phonon  energies  in  2H-MoS.  (a) ,  in 
2H-MoSe2  Cb) ,  and  a2H-MoT«2  (c) . 
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Table  1  :  The  phonon  energies,  the  force  constants  and  their  pressure 
derivatives. 
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GAS  PHASE  RAMAN  SPECTRUM  OF  TCNQ  AND  PRESSURE  DEPENDENCE  OF  THE  MODES 
IN  CRYSTALS  OF  TNCQ° 

C.  Carlone  ,  N.K.  Hota*  ,  H.J.  Stolz**  ,  M.  Elbert***  ,  H.  Kuzmany***  and 
H.D.  Hochheimer** 

Departement  de  Physique ,  University  de  Sherbrooke,  Sherbrooke,  Quebec,  Canada, 
J1K  2R1 . 

*D4partement  de  ahimie.  College  militaire  royal,  St-Jean,  Quebec,  Canada. 

**Max-Planak-Ins titut  filr  Festkorperforschung,  7000  Stuttgart  80  ,  F.R.G. 

***Luduig  Boltzmann  Inetitut  fur  festkorperforschung ,  and  Institut  fur  festkorper- 
physik  der  Universitdt  Wien,  Wien,  Austria. 

Abstract .  -  The  Raman  spectrum  of  gaseous  TCNQ  was  obtained.  Vibrations  were 
detected  at  40,  76,  145,  340,  1225,  1454,  1606  and  2230  (  ±  2)  cm-^.  The  pres¬ 
sure  dependence  of  the  Raman  modes  in  crystals  of  TCNQ,  TTF,  K(TCNQ),  Cs2(TCNQ)j 
perylene-TCNQ  and  phenazine-TCNQ,  were  obtained  in  a  diamond  cell  in  the  pres¬ 
sure  range  0  to  70  Kbar.  The  mode  Grunelsen  parameter  were  found  to  span  seve¬ 
ral  orders  of  magnitude.  It  is  concluded  that  all  of  the  observed  low  frequen¬ 
cy  modes  in  this  class  of  compounds  are  mixed  modes  of  internal  and  external 
characters. 

The  unusual  physical  properties  of  complexes  involving  the  molecules  tetra- 
thlaf ulvalene  (TTF)  and  Tetracyanoquinodimethane  (TCNQ)  have  stimulated  within  the 
last  decade  considerable  activity  in  the  field  of  organic  materials  research.  It 
has  been  customary  to  describe  the  lattice  dynamics  of  these  compounds  in  terms  of 
Internal  modes  and  external  modes,  with  the  gap  between  the  two  regimes  lying  bet¬ 
ween  200  and  300  cm  .  We  have  studied  the  pressure  dependence  of  the  phonons  in 
crystals  of  TCNQ°,  TTF°,  K(TCNQ) ,  Cs2 (TCNQ)^,  perylene-TCNQ  and  phenazine-TCNQ  in 
order  to  learn  about  their  bond  anharmonicltles.  The  pressure  data  was  ambiguous 
with  respect  to  the  division  of  the  modes  and  we  found  it  necessary  to  perform  gas 
phase  spectra.  We  found  by  heating  purified  TCNQ  powder  in  a  quartz  cell,  gas  phase 
vibrationa  at  40,  76,  145,  340,  1225,  1454,  1606  and  2230  cm-1  (see  Fig.  1).  The 
low  frequency  modes  Indicate  that  the  gap  between  internal  and  external  modes  lies 
below  40  cm 

The  pressure  dependence  of  the  crystal  phonons  for  TCNQ0  are  given  in  Table  1. 

X  dv 

The  quantity  — —j^  is  proportions),  to  the  mode  Grunelsen  parameter  y;  the  y  vs 
frequency  dependence  for  TCNQ0  is  shown  in  Fig.  2.  The  other  compounds  studied  re¬ 
vealed  similar  plots,  i.e.  y  spans  over  two  orders  of  magnitude  and  it  decreases 
monotonically  as  a  function  of  the  frequency.  Further,  details  are  available  (1). 
Summary.  -  From  the  gas  phase  Raman  spectrum  of  TCNQ°  and  from  the  mode  Grflneisen 
parameter  distribution,  no  simple  picture  of  mode  separation  between  external  and 
Internal  ones  in  TCNQ°  can  be  derived.  Stated  otherwise,  there  is  no  clearcut  dis¬ 
tinction  between  strong  intramolecular  and  weak  intermolecular  forces,  but  rather 
a  continuous  variation  of  bond  strength  ever  several  orders  of  magnitude. 


TCNQ 

647.1  nm  gas  phase 
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-V 

dv 

v(cm  ) 

dp 

gas 

crystal 

(cm^/kbar) 

40 

45 

0.42 

76 

67 

1.00 

85 

0.83 

106 

1.97 

145 

144 

0.64 

154 

0.56 

163 

1.39 

180 

1.78 

300 

0.25 

340 

330 

0.34 

368 

0.45 

427 

0.25 

590 

0.08 

712 

0.36 

751 

0.06 

1 

950 

0.39 

E 

1189 

0.78 

V 

1225 

1206 

0.42 

& 

1317 

0.58 

1334 

0.17 

1445 

0.53 

1454 

1456 

0.50 

1597 

0.48 

1606 

1602 

0.45 

2228 

0.42 

2230 

2232 

0.39 

Table  1.  :  Gas  phase  vibration  and 
crystal  phonons  in  TCNQ0.  The  pressu¬ 
re  dependence  of  the  phonons  is  given 
The  quantity  1  dv  is  proportional 
v  dp 

to  the  node  Gruneisen  parameter,  and 
it  is  plotted  as  a  function  of  fre¬ 
quency  in  Rig.  2. 


FIG.  1  :  Raman  intensity  of  TCNQ-  gas  phasa 
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Pig.  2  :  Pressure  dependence  of  the  phonons  In  TCWQ°.  The  quantity 

X  dv 

y  ~  jp  f»  proportional  to  the  node  Grttneisen  paraneter.  For  crystals  having 
one  type  or  bond,  such  as  the  III-V  tetrahedrally  bonded  semiconductors, y  Is  essen¬ 
tially  constant.  For  crystals  having  two  types  of  bonds,  such  as  molecular  crystals 
and  layer  structures,  y  assumes  two  values,  one  corresponding  to  low  frequency  modes 
and  the  other  to  the  high  frequency  modes.  For  the  compounds  studied  here,  TTF°, 
TCHQ° ,  K(TCNQ) ,  Cs2(TCNQ)3,  perylene-TCHQ  and  phenaslna-TCKQ,  y  is  a  monotonlcally 
decreasing  function  of  the  frequency,  covering  several  orders  of  magnitude. 
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THERMAL  EXPANSION  OF  ALKALI -GRAPHITE  INTERCALATION  COMPOUNDS 

S.E.  Hardcastle  and  H.  Zabel 

Loomis  Laboratory  of  Physios  and  Materials  Research  Laboratory,  University  of 
Illinois  at  Urbana-Champaign,  Urbana,  ILL.  61801,  U.S.A. 


Abstract. -The  c-axis  thermal  expansion  of  several  alkali-graphite  intercal¬ 
ation  compounds  has  been  measured  by  means  of  x-ray  scattering  between  IS  and 
300  K.  The  thermal  expansion  depends  strongly  on  the  stage  of  the  compound 
and  is  largest  for  CgM  (H-K,Rb,Cs)  compounds.  The  data  have  been  analyzed 
in  terms  of  an  one-dlaenaional  quasi-harmonic  approximation,  which  yields 
Griineisen  parameters  two  or  three  times  as  large  as  for  pristine  graphite. 


1.  Introduction.  -  There  is  an  lnstrlnslc  Interest  in  the  study  of  the  thermal 
expansion  (TE)  of  graphite  and  graphite  intercalation  compounds,  because  of  their 
high  anisotropy  and  unusually  large  anharmonlc  properties.  The  c-axls  TE  of  pris¬ 
tine  graphite  is  large  (2.8  x  10_5/K)  and  positive,  while  the  a-axls  TE  is  very 
small  and  slightly  negative  at  room  temperature.1  The  vibrational  and  thermal 

properties  of  graphite  can  artificially  be  changed  by  Inserting  monatomic  layers  of 

2 

alkali  atoms  between  the  Van  der  Haals  gap  of  graphite  planes.  In  these  alkali- 
graphite  intercalation  compounds  (AGIC’s)  the  graphite  and  alkali  planes  form  a 
regular  stack  along  the  hexagonal  c-axis.  In  the  following  we  report  on  a  syste¬ 
matic  study  of  the  c-axls  TE  of  AGIG's  in  dependence  of  the  stags  n  of  the  compound 
(n  designates  the  number  of  graphite  planes  between  two  intercalated  planes)  and 
the  alkali  atoM  chosen  by  means  of  x-ray  lragg-scattering. 

2.  Experimental.  -  Highly  oriented  pyTolytlc  graphite  (HOFG)  was  intercalated 

with  alkali  atoms  by  the  two  bulb  method  in  the  usual  manner.  The  homogeneity  and 

stage  of  the  compound  was  determined  by  (001)  scans.  The  TE  was  measured  between  13 

and  300  K  during  heating  and  cooling  cycles  with  MoK  radiation.  A  more  detailed 

a 

description  of  the  experimental  amt  up  will  be  given  elsewhere. 

3.  Results.  -  In  fig.  la  the  c-axle  T*  of  stage  1  K,  Kb,  and  Cs  GIC's  is  com¬ 
pared  with  pristine  graphite,  and  in  fig.  lb  the  comparison  is  made  with  stage  2  K 
and  >b  compounds.  In  fig.  lc  the  c-axis  Tl's  of  stages  1  through  3  of  K  GIC’s  are 
plotted.  In  each  case  tbs  date  are  normalised  to  the  lattice  constant  cQt  taken 
at  the  lowest  measured  temperature.  In  all  cases  the  TE  shows  a  characteristic 
zero  slope  at  low  temperatures,  due  to  the  thermal  occupation  number.  Stage  1  com¬ 
pounds  exhibit  the  largest  TE,  while  the  TE’s  of  higher  stage  compounds  approach 
the  value  of  pristine  graphite.  This  behavior  la  not  unexpected,  since  the  fre¬ 
quency  spectrum  of  the  higher  stage  compounds  is  dominated  by  the  vibration  of  the 
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Interior  graphite  planes. 


Fig.  1:  Thermal  expansion  of  alkali- 
graphite  intercalation  compounds,  (a) 
of  atage  1  K,  Kb,  Cs  compounds,  (b) 
of  stage  2  K,  and  Kb.  In  (c)  differ¬ 
ent  stages  of  K  compounds  are 
conquered. 


4.  Discussion.  -  The  c-axls  thermal  expansion  is  linked  to  the  thermal  vibration 

of  atoms  with  polarization  in  the  c-dlrectlon.  These  are  ns  Inly  the  low  frequency 

[001]L  modes.  The  higher  modes  are  separated  from  the  lower  by  a  large  frequency  gap 

a 

and  can  therefore  be  neglected.  It  has  been  shown  recently  that  the  [001]L  modes 

are  strongly  influenced  by  intercalation.^  The  lnterplanar  coupling  constants  are 

changed,  and  frequency  gaps  occur  at  the  canter  and  boundary  of  the  Brillouln  zones, 

creating  new  maxima  in  the  denaity  of  atates.  There  are  in  principal  two  possible 

reasons  for  an  increased  TE  of  AGIC's  as  compared  to  pristine  graphite:  either  the 

phonon  denaity  of  states  increased  and/or  the  anbarnoniclty  of  the  vibrational 

potential  is  enhanced.  Tb  elucidate  these  possibilities,  the  TK's  have  bean 

6 

analyzed  in  terms  of  a  1-D  quasi-harmonic  approximation,  in  which  the  relative 
change  of  the  c-axia  is  given  by: 

AC  Tc  „  _  alow _ 

Cq  ”  C33  Vc  'therm*  Yc  "  »ln(AC/Co) 

and  the  thermal  energy  is: 

'therm  "  17  f  dt  ^  ct*h  * 

Hare  y  is  the  mode  Griinalsen  parameter,  the  elastic  constants  C33  for  each  com¬ 
pound  have  been  taken  from  Kef.  3,  V  1s  the  volume  of  a  unit  call,  »  is  the  lattice 
vibrational  frequency,  and  kg  is  the  loltzmann  constant.  The  thermal  energy  has 
been  determined  by  numerical  integration  over  the  measured  [001]L  phonon  dispersions. 
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In  Fig.  2  the  TE  1*  plotted  egainet  the  theraal  energy  for  the  compound  CgK.  Proa 


Fig,  2:  c-axia  theraal  ex¬ 
pansion  of  stage  1  K  and 
HOPG  against  theraal  energy, 
gained  front  001]  L  phonon  dis¬ 
persions. 


Table  1 


Con pound  Teaperature  range  y 

_ m _ 1 


HOPG 

15 

- 

105 

.31 

120 

- 

300 

.49 

C8* 

15 

_ 

105 

.71 

125 

- 

220 

1.12 

240 

300 

1.75 

c24* 

15 

- 

150 

.32 

160 

- 

300 

.86 

C36* 

15 

_ 

70 

.31 

90 

- 

170 

.48 

190 

- 

300 

.71 

the  slope,  the  Griinalsen  parameter  has  been  derived.  In  Table  1  paraaeters  gained 
In  this  way  for  K  compounds  are  listed  and  compared  with  HOPG.  The  Grtineisen 
parameter  of  prlatlne  graphite  la  la  good  agreement  with  published  data.  The 
enharmonic lty  of  the  lattice  vibrations  in  c-directlon  seems  severely  Influenced  by 
the  Intercalation  process:  stage  1  compounds  show  a  considerably  higher  y^  at  low 
temperatures,  which  even  Increases  at  higher  temperatures.  Also,  stage  2  and  3 
compounds  exhibit  increased  Grtineisen  parameters.  Therefore,  we  believe  that  the 
dominant  effect  for  the  large  TE  of  AGIC's  is  an  Increased  anharaoniclty  of  the 
lattice  vibrations,  rather  than  the  higher  density  of  states  in  the  frequency  region 
considered  here. 

We  acknowledge  valuable  discussion  with  A.  Magerl,  R.  Nlcklow  and  K.  Fiedler, 
donation  of  HOPG  from  A.  W.  Moore,  and  funding  from  TJ.  S.  DO®  DE-AC02-76ER01198 , 
Research  Corporation  and  the  University  of  Illinois  Research  Board. 
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LATTICE  DYNAMICS  OF  GRAPHITE  INTERCALATION  COMPOUNDS  -  MODELLED  BY  THE 
PHONON  DISPERSION  OF  LINEAR  CHAINS 

A.  Magerl  and  H.  Zabel* 

Inetitut  Laue-Langevin,  1S8X,  38042  Grenoble  Cedex,  France. 

*  Loomis  Laboratory  of  Physios  and  Materials  Research  Laboratory,  University  of 
Tllinoie  at  Urbana-Champaign,  Urbana,  IL  61801,  U.S.A. 

Abstract. -The  characteristic  features  of  the  phonon  dispersion  of  a  monatonic 
linear  chain  In  a  Born  -  von  KArmdn  and  a  shell  model  formalism  are  outlined. 
Comparing  model  calculations  with  measurmaents  of  the  [001]L  phonon  dispersion 
of  Intercalated  graphite,  we  find  that  a  shall  model  has  to  be  used  for  an 
appropriate  description. 

The  displacement  pattern  of  [001]L  phonon  modes  in  graphite  and  graphite  Inter¬ 
calates  Is  determined  by  lnterplanar  forces  only.  Because  these  modes  show  a  one- 
dlmenslonal  character,  a  linear  chain  with  two  different  masses  representing  Inter¬ 
calated  and  graphite  layers  provides  an  appropriate  model.  The  effective  repeat 
distance  for  a  stage  n  compound  extends  over  n  graphite  and  1  Intercalated  layer. 
Correspondingly,  the  [001]  dispersion  consists  of  1  acoustical  and  n  optical  branches. 
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Complete  (001]L  phonon  dispersions  are  now  available  for  stage  1  and  2  K,  Rb 
and  Cs  and  for  stage  3  K  compounds . ^  In  a  recent  publication  the  three  lower 
branches  of  could  be  well  described  by  a  Born  -  von  Kirmdn  model  (BvK) ,  with 

only  nearest  neighbor  interactions.^  However,  this  model  falls,  when  including 
the  third  optical  branch  (compare  Fig.  2a). 

To  Improve  the  fit,  we  have  extended  the  BvK  model  to  include  longer  ranged 
interactions:  1.)  an  interaction  between  two  alkali  layers,  li.)  an  interaction 
between  the  bonding  graphite  planes  on  both  aides  of  an  alkali  layer.  111.)  an 
interaction  between  an  alkali  layer  and  the  second  nearest  neighbor  graphite  planes. 
However,  with  the  exception  of  stage  1  Rb,  the  measurements  could  not  be  described 
reasonably  well  by  any  one  of  these  four  BvK  models. 

Shell  models  (SM) ,  which  treat  an  interaction  between  two  mass  points  via  an 
electronic  shell  with  mass  zero  (adiabatic  approximation) ,  reveal  a  distinctively 

3 

different  behavior.  The  phonon  dispersion  of  a  monatomic  chain,  calculated  by 


FIs. 2:  1001JL  phonon  dispersion  of  stage  3  C36K.  The  solid  lines  represent 
fits  by  (a)  e  Born  -  von  Kirmdn  model  sad  (b)  by  a  shell  model.  Fit  parameters 
are  indicated  in  the  insertion. 
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a  two-parameter  BvK  model  and  a  two-parameter  SM  are  compared  in  Fig.  1.  Decreasing 
the  second  neighbor  force  constant  ^  to  zero  for  the  BvK  model  or  increasing  the 
core  shell  interaction  to  infinity  for  the  SM  only  leaves  one  force  constant  for 

both  models.  The  phonon  dispersions  are  then  identical,  revealing  sinusodial 
functions  for  w(q) .  Increasing  $2  in  the  BvK  model  influences  the  dispersion  over 
a  large  regime  of  the  Brillouin  zone  (BZ) .  Particularly,  the  initial  slope  of  the 
dispersion  is  changed,  whereas  the  value  at  the  edge  of  the  BZ  remains  constant. 
However,  a  finite  value  of  in  the  SM  mainly  reduces  the  phonon  modes  at  the 
edge  of  the  BZ,  while  leaving  the  Initial  slope  unchanged. 

As  an  example,  in  Fig.  2  a  fit  of  the  [001]L  dispersion  with  the  BvK  model 
and  SM  for  stage  3  C^K  is  shown.  The  SM  provides  also  a  very  good  description 
for  stage  1  and  2  compounds  which  is  presented  In  ref.  4.  We  therefore  believe 
that  the  interaction  of  alkali  and  graphite  planes  via  an  "electronic  layer" 
is  an  essential  feature  of  the  [001]L  phonon  dispersion  of  alkali  Intercalates. 

One  of  us  (H.Z.)  acknowledges  support  by  the  U.  S.  Department  of  Energy 
under  Contract  DE-AC02-7  6ER01 198. 
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TWO-EXCITON  PROCESS  RESONANT  RAMAN  SCATTERING  IN  InSe 
N.  Kuroda  and  Y.  Mishina 

The  Research  Institute  for  Iron,  Steel  and  Other  Metals,  Tohoku  University, 
Sendai  980,  Japan. 


Abstract. -  Resonant  Raman  spectra  of  nonpolar  optical  phonons 
in  the  layer  compound  InSe  have  been  measured  in  the  A-exciton 
region  at  1.8  K  and  77  K.  Out-of-plane  phonons  exhibit  their 
resonance  dispersions  typical  of  the  one-exciton  process.  The 
in-plane  phonon  exhibits  a  dispersion  which  can  be  explained 
exclusively  in  terms  of  the  two-exciton  process  where  the  A- 
and  the  C-exciton  serve  simultaneously  as  the  resonance  inter¬ 
mediate  states.  The  results  show  that  the  out-of-plane  phonons 
induce  only  intraband  electronic  scatterings,  whereas  in-plane 
ones  do  interband  scatterings  alone. 


1.  Experiment. -  Measurement  has  been  performed  in  the  back  scattering 
geometry  by  means  of  a  conventional  photon  counting  method.  Eight 
oscillation  lines  of  an  Ar-ion  laser  are  used  as  the  light  source. 

The  laser  beam  is  incident  normal  to  the  cleaved  surface  of  a  3R(y)- 
InSe  crystal  which  is  immersed  in  liquid  helium  at  1.8  K  or  in  liquid 
nitrogen  at  77  K. 

2.  Results. -  There  are  four  nonpolar  optical  phonons  in  3R(y)-InSe, 

I*j,  r^,  T j  and  Tj  being  all  active  for  Raman  scattering1^  and  observed 

at  118,  234,  43  and  182  cm-1  at  1.8  K,  respectively.  Figure  1  shows 

resonance  dispersions  of  cross  sections  of  these  phonons  at  1.8  K. 

Experimental  data  at  77  K  are  also  plotted  in  the  same  figure,  where 

they  are  shifted  by  13  meV  towards  higher  photon  energies  on  account 

of  the  thermal  shift  of  the  energy  gap.  This  procedure  is  justified 

by  the  fact  that  the  damping  constant  of  the  A-exciton  increases  only 

by  30  I  with  increase  in  temperature  from  1.8  K  to  77  K.  Two  out-of- 
2  3 

plane  phonons,  Tj  and  Tj,  are  strongly  enhanced  by  the  resonance  of 
excitation  or  scattered  photons  with  the  Is  state  of  the  A-exciton 
lying  at  2.S47  eV.  On  the  other  hand,  the  in-plane  phonon,  Tj, 
exhibits  its  resonance  enhancement  by  an  order  of  magnitude  weaker 
than  the  two  phonons. 

3.  Discussion.-  A  group  theoretical  analysis  shows  that  any  Tj  mode  is 
allowed  for  intrahand  scatterings  within  Z5  6 (A) ,  z^(B)  or  Z^(C) 
valence  bands  and  for  the  interband  scattering  between  Zj(B)  and  Z4(C) 
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Fig.  1:  Experimental 
ana  theoretical 
resonance  dispersions 
of  nonpolar  optical 
phonons  in  layered 
3R(f)-InSe  at  1.8  K. 


bands;  any  r3  mode  can  participate  in  any  interband  scattering  and  in 
intraband  scatterings  within  Z^(B)  and  Z4(C)  bands.  In  the  quasicubic 
model  concerning  these  Se  p-like  valence  bands,  no  probability  is 
found  for  the  interband  scattering  by  a  phonon  nor  for  the  intra¬ 
band  scattering  by  a  r3  phonon.  Hence  any  phonon  can  participate 
only  in  the  intraband  scattering,  whereas  any  r3  phonon  can  partici¬ 
pate  only  in  the  interband  scattering.  This  selection  rule  is  in  a 
remarkable  contrast  to  the  case  of  zincblende  structure  crystals  in 
which  A  and  B  valence  bands  are  degenerate,  thereby  the  TO  phonon 
participates  in  both  intraband  and  interband  scatterings.2^  The  Zj(B) 
valence  band  in  InSe  is  raised  in  energy  as  high  as  1.209  eV  above  the 
Z5  6(A)  valence  band  by  a  strong  uniaxial  crystalline  field. Thus 
the  presence  of  the  B-exciton  can  be  neglected  as  far  as  the  resonance 
effect  in  the  A-exciton  region  is  concerned.  The  C-exciton  is 
separated  by  0.344  eV  from  the  A-exciton  by  the  spin-orbit  interaction 
of  Se  px  orbitals.  The  following  arguments  show  that  the  C-exciton 
as  well  as  the  A-exciton  plays  an  essential  role  as  the  resonance 
intermediate  state  to  give  rise  to  the  scattering  by  the  r3  phonon. 

The  time  dependent  third  order  perturbation  theory  for  the 
resonant  Raman  tensor  involving  exciton  effect  has  been  developed  in 
the  last  several  years. 1,4 *5^  in  the  case  where  isotropic  Wannier 
excitons  with  a  finite  damping  serve  as  the  resonance  intermediate 
states,  the  Kenan  tensor  is  given  by 
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R(1iw)  -  A  I  a'3P  D  aPa[  ?  n‘3(1io)+tn+R*n'2-E„)‘1flVu>'+in+R*n'2-Ea)'1 
a, 6  0  a  08  e  n-1  a  B 


•Rw-E. 


■Rto'  -E 


i  •  "R^  +<n-Eg  —  —  — 

*2Tl--Ea7Ra?oTKw{ln  1-RuT'^n-E^  I  Cretan  (— -iarctan  (— ^) 


ta^r-> 1/2  (ibtX'e  )  1/2»  •  m 

a  p 


where  liw  and  •Raj'  are  photon  energies  of  incident  and  scattered  lights, 
respectively,  Hm  the  energy  of  the  phonon  involved  in  the  scattering, 
R*  the  effective  Rydberg  of  an  exciton,  aQ  the  Bohr  radius,  n  the 
damping  constant,  the  energy  gap  between  the  a(0)  valence  band 

and  the  conduction  band,  the  optical  matrix  element  and  Dag  the 

deformation  potential.  The  summation  over  a  «  0  terms  of  eq.(l)  gives 
the  Raman  tensor  of  the  one-exciton  process,  and  the  summation  over 
a  j*  0  terms  gives  that  of  the  two-exciton  process.  Raman  cross 
sections,  |R(Ru>)|  for  the  three  phonons  have  been  calculated  from 
eq.(l)  with  R*  *  IS  meV,  n  “  7.6  meV,  EA  -  2.562  eV  and  Ec  « 

2.906  eV3)  assuming  DM(r2)  -  DCC(T2),  D^r3)  -  Dcc(r3)  and  DAC(r|)  - 
Dca(T3) .  The  best  fit  to  experimental  points  are  obtained  with  the 
ratios  of  Dj^T2)  '  D^^3)  :  DAC^r3^  *  1  :  0.9  :  1-5  as  shown  in 
figure  1.  Theoretical  curves  for  two  phonons  calculated  in  terms 
of  the  one-exciton  process  explain  the  strong  resonance  enhancement 
observed.  They,  however,  appreciably  deviate  from  experimental  values 
as  the  photon  energy  varies  away  from  resonance,  suggesting  the 
presence  of  a  background  which  is  somewhat  dependent  on  photon  energy. 
The  theoretical  curve  for  the  r3  phonon,  on  the  other  hand,  is 
calculated  in  terms  of  the  two-exciton  process  involving  the  A-  and  C- 
exciton  states  in  accord  with  the  selection  rule  mentioned  above.  The 
curve  shows  that  the  resonance  enhancement  is  comparatively  small  but 
the  cross  section  should  be  kept  rather  high  and  nearly  constant  for 
photon  energies  between  the  two  exicton  states.  This  particular 
feature  is  excellently  reproduced  by  the  experimental  cross  section  in 
the  whole  photon  energy  region  examined  in  the  present  work. 
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EFFECT  OF  ELECTRON-PHONON  INTERACTION  ON  RAMAN  SPECTRA  OF  GRAPHITE 
INTERCALATION  COMPOUNDS 

H.  Miyazaki  and  C.  Horie 

Department  of  Applied  Physios,  Tohoku  University,  Sendai,  Japan. 


Abstract. -Theoretical  study  is  presented  of  effects  of  electron* 
phonon  interactions  on  Raman  spectra  of  acceptor  graphite  inter¬ 
calation  compounds  of  stages  3  and  4.  It  is  discussed  that  the 
spectral  shape  of  the  doublet  peaks  observed  at  around  1600  cm~l 
is  practically  Lorentzian  contrary  to  the  case  of  stage  1 
compounds  intercalated  with  alkali  metals.  It  is  also  shown 
that  the  coupling  of  Raman-active  phonons  with  electrons  local¬ 
ized  mostly  on  carbon  layers  adjacent  to  intercalants  yields  the 
doublet  separation  of  about  10  cm-1-. 


1.  Introduction. -  Even  though  there  are  a  large  amount  of  experimental 
studies  of  the  lattice  dynamics  of  graphite  intercalation  compounds 
(GIC) ,  only  few  theoretical  studies  have  been  carried  out  for  phonon 
properties  mainly  because  of  complexity  of  the  system.  In  the  previous 
paper  [1],  we  have  shown  that  the  dynamical  coupling  between  electron 
and  Raman-active  phonon  plays  an  essential  role  in  determining  the 
anomalous  line  shape  of  Raman  spectra  near  150Qcm_1  of  the  first  stage 
GIC  intercalated  with  alkali  metals.  The  same  idea  is  extended  to 
higher  stage  GIC,  in  which  the  electronic  structure  is  different  from 
the  first  stage  GIC.  Our  main  emphasis  is  to  show  that  the  dynamical 
effect  of  the  electron-phonon  coupling  still  plays  an  important  role 
in  determining  the  doublet  structure  of  Raman  spectra  observed  near 
1600cm~1'  of  GIC's  with  stage  nk3.  In  the  present  paper,  we  focus  our 
attention  to  the  case  of  acceptor  compounds  of  stages  3  and  4  because 
of  simplicity  of  calculations.  Our  results  show  that  about  one  half 
of  the  magnitude  of  the  doublet  separation  in  the  Raman  spectra  ob¬ 
served  is  attributed  to  the  difference  in  electron-phonon  couplings; 
one  with  electrons  localised  on  carbon  layers  adjacent  to  intercalants 
and  the  other  with  electrons  distributed  on  interior  carbon  layers.  It 
is  argued  that  the  spectral  line  shape  is  practically  Lorentzian  con¬ 
trary  to  the  case  of  the  first  stage  GIC  intercalated  with  alkali 
metals. 

2.  Model.-  xt  has  been  established  that  the  lower  frequency  component 
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of  the  doublet  of  Raman  spectra  for  acceptor  GIC's  is  attributed  to 
Ejg  modes  of  interior  graphite  layers,  whereas  the  upper  component 
is  associated  with  E 2g modes  of  bounding  graphite  layers  adjacent  to 
intercalants  [2].  Our  main  interest  is  to  study  how  electron-phonon 
coupling  contributes  to  the  large  up-shift  of  the  E2g2  mo<ie  relative 
to  the  E2g2  mode'  which  is  observed  to  be  about  20  cm-1  for  all 
acceptor  GIC’s  studied.  For  this  purpose  we  start  with  an  electronic 
band  structure  of  stages  3  and  4  acceptor  GIC’s  calculated  by  Blinowski 
and  Rigaux  [3].  In  their  model,  the  electronic  charge  distribution  on 
carbon  layers  adjacent  to  am  intercalant  layer  and  the  corresponding 
band  structure  are  calculated  self-consistently  for  a  given  charge 
transfer  f,  which  is  defined  by  a  fraction  of  charge  transfer  per  one 
intercalant.  The  band  structure  determined,  then,  is  adopted  to  cal¬ 
culate  self-energies  of  electrons  by  taking  into  account  the  inter¬ 
action  with  both  longitudinal  and  transverse  acoustic  phonons,  because 
these  phonons  have  a  comparable  magnitude  of  coupling  with  electrons 
14].  The  Raman-active  phonon  self-energies  due  to  the  coupling  with 
the  renormalized  electrons  are,  then,  calculated  by  solving  the  Dyson 
equation  self-consistently.  In  accordance  with  the  model  described 
above,  the  phonon  associated  with  the  bounding  E2g2  mode  interacts  pri¬ 
marily  with  electrons  mostly  localized  on  the  carbon  layer  adjacent  to 
intercalant  layer,  whereas  the  phonon  associated  with  interior  E2g2 
mode  interacts  primarily  with  electrons  residing  on  interior  carbon 
layers.  Since  the  charge  distribution  along  the  c-axis  is  found  to  be 
strongly  localized  on  the  carbon  layers  adjacent  to  an  intercalant 
layer,  the  renormalized  phonon  frequency  determined  is  found  to  be 
different  for  E2g  and  E2g  modes,  respectively.  The  phonon  frequency 
difference  AO  is  listed  in  Table  I  for  several  values  of  charge  trans¬ 
fer  f.  The  coupling  constant  of  electron  with  Raman-active  phonons 
was  taken  to  be  O.leV  [1].  Since  the  renormalized  phonon  frequencies 
fall  in  or  are  close  to  electronic  excitation  energies,  the  most 


important  contribution  to  the  Raman  scattering  cross-section  is  given 
(c) 

by  (see  eq. (7)  in  [1]),  which  might  give  rise  to  a  Fano-type 

resonance  when  the  Fano  parameter  Q  is  close  to  ±  1.  In  fact,  the 
is  written  as 


C  l 

j«B,I 


{ 


1  >. 


where  indicates  a  number  of  bounding  or  interior  layers,  is  the 
mod*  frequency,  •  (Aw  -  n^)/ rj,  and  the  sum  is  taken  over 
bounding  and  interior  modes.  Contributions  other  than  o|c*  are  found 
to  ylald  a  broad  and  almost  flat  background.  Zn  Table  Z  are  listed 
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the  Fano  parameter  Q  and  the  f  for  each  mode.  The  value  of  r  is 
determined  by  the  imaginary  part  of  the  phonon  self-energy  and  gives 
a  measure  of  the  Raman  line  width. 


Table  1  :  Frequency  shift  AO  =  fig  -  fix  and  line  shape  parameter, 
Q  and  r,  as  a  function  of  charge  transfer  f.  Suffices  B  and  I 
indicate  bounding  and  interior  modes,  respectively. 


f 

Aft(cm 

rB(cm_1) 

r^cnf1) 

QI 

mi 

8.71 

1.42 

0.37 

6.90 

-3.44 

C36X 

1 

10.08 

11.42 

1.55 

1.66 

0.43 

0.49 

7.51 

4.99 

-3.45 

-3.82 

KB 

12.75 

1.73 

0.55 

4.01 

-4.61 

Ksa 

8.40 

4.41 

0.53 

-4.76 

-11.48 

C48X 

Eg 

9.68 

10.95 

4.87 

5.21 

0.49 

0.44 

-5.68 

-6.09 

-10.13 

-9.88 

IB 

12.27 

5.49 

0.38 

-8.89 

-13.89 

3.  Conclusion.-  The  present  calculation  of  Raman  spectra  has  been 
carried  out  at  zero  temperature.  It  has  been  found  that  the  Fano 
parameters  calculated  are  far  from  unity  and  the  line  shape  of  both 
E2g2  and  E 2 g 2  peaks  are  practically  Lorentzian.  He  can  also  conclude 
that  the  dynamical  effect  of  electron-phonon  coupling  yields  the 
doublet  separation  of  about  one  half  of  the  magnitude  observed  in 
Raman  spectra  of  stages  3  and  4  acceptor  GlC's.  The  remaining  shift 
between  E2g2  and  E|g  can  be  attributed  to  the  difference  in  ion-ion 
interactions  [5] .  It  is  also  noticed  that  a  slight  increase  of  An  with 
increasing  f  is  due  to  the  increase  in  the  localized  charge  distribu¬ 
tion  on  the  bounding  layers  adjacent  to  the  intercalant  layer.  It  is 
clear  then  that  the  doublet  separation  would  be  strongly  linked  with 
the  value  of  charge  transfer,  though  the  value  of  f  is  not  definitely 
known  at  present  for  all  acceptor  GIC's  of  stages  3  and  4  studied. 
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Abstract  -  We  present  the  first  results  on  the  thermal  conductivity  of  TiSe2- 
For  this  semimetal  the  heat  transport  is  found  to  occur  only  through  phonons 
within  the  investigated  temperature  range  (1.65  -  150  K).  At  lower  tempera¬ 
tures,  possible  origins  for  the  nearly  T2  observed  law  are  analyzed.  The 
other  features  of  K(T)  are  also  examined. 


1  -  Introduction  -  The  semimetal  TiSe2  undergoes  below  200  K  a  phase  transition  essen¬ 
tially  characterized  by  a  superlattice  formation  with  the  doubling  of  the  unit  cell. 
Several  mechanisms  have  been  proposed  for  this  transition  [1-4]  but  no  one  has  yet 
been  definitely  proved.  As  phonons  are  thought  to  play  a  role  whose  importance 
depends  on  the  mechanism,  they  deserve  special  attention. 

Using  neutron  inelastic  diffraction,  the  phonon  dispersion  curves  have  been  mea¬ 
sured  both  at  room  [5]  and  low  temperatures  [6].  They  were  seen  to  be  of  a  2-dimen¬ 
sional  nature  and  also  to  exhibit  an  anomalous  behaviour  for  a  transverse  mode  at  the 
L-point  [6-7].  Also  a  central  peak  was  shown  to  exist  [6-8],  Specific  heat  measure¬ 
ments  gave  only  a  small  evidence  of  the  transition  at  200  K  [9],  Zone  center  optical 
phonons  were  also  extensively  Investigated.  However  the  thermal  conductivity  has  not 
been  so  far  examined  mainly  due  to  the  smallness  and  brittleness  of  the  samples.  Thus 
we  have  used  a  method  specially  developped  for  measuring  such  samples  from  helium  up 
to  room  temperatures  [10]. 

2  -  Experimental  results  -  Several  samples  were  measured.  These  are  platelets  of 
about  5C  mr  thick  and  0.2  x  0.5  cm  for  basal  dimensions.  They  are  monocrystals  but 
certainly  contain  a  large  number  of  stacking  faults.  Their  electrical  resistivity  at 
room  temperature  is  typically  1 .1x10" 3 0  cm  and  the  characteristic  resistivity  ratios 
are  respectively  p  (165  K)/p  (300  K)  n,  2,5  and  p  (300  K)  /  p  (4.2  K)  -v  4. 

On  the  figure  is  shown  a  logarithmic  diagram  of  the  basal  thermal  conductivity 
data  obtained  In  the  range  1.65  -  150  K.  Absolute  values  are  not  defined  better  than 
30-40  X  because  of  a  bad  geometrical  definition  especially  for  the  thermocouple 
contacts.  Relative  precision,  however.  Is  within  a  few  percent. 

From  the  lowest  temperature  up  to  about  25  K,  K  increases  with  T,  following  at 
first  an  approximately  T2  law.  The  K/T2  diagram  (see  figure  insert)  shows  that  above 
5  K  a  rapid  deviation  from  this  temperature  dependence  occurs.  ■':>«  maximum  value  at 
about  25  K  Is  0.3  M  cm*1^1,  much  lower  than  the  maximum  values  for  any  other  semi¬ 
metal  of  the  Sroup  V  [11].  Above  30  K  and  up  to  100-110  K  a  T-0*6  law  Is  observed. 
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Figure  -  Basal  thermal  conducti¬ 
vity  of  T1Se2.  K/T2  below  20  K 
is  Inserted  :  experimental  points 
are  fitted  by  the  theoretical 
curve  below  5  K. 


At  higher  temperature  K(T)  departs  from  this  behaviour  and  appears  to  increase  with 
temperature.  Thermal  radiation  however  can  have  some  effect  even  with  the  method 
currently  used  and  need  more  detailed  examination  which  will  be  published  later. 

3  -  Discussion  -  From  the  electrical  resistivity  data  and  the  Mledemann-Franz  law  it 
is  evident  that  throughout  the  studied  temperature  range,  heat  transport  Is  essen¬ 
tially  due  to  the  lattice  contribution.  At  lower  temperatures  this  Is  consistent  with 
the  absence  of  any  T-law  behaviour.  A  T2-instead  of  a  T3-law  for  the  lattice  conduc¬ 
tivity  Is  not  unusual  in  a  metal  or  a  semi-metal  [11-12].  Such  a  behaviour  Is  gene¬ 
rally  ascribed  either  to  (Intravalley)  electron-phonon  Interaction  or  o  scattering 
by  static  dislocations  [12].  These  explanations  seem  not  to  hold  In  the  present  case  : 
the  former  because  no  correlative  Ts  behaviour  Is  observed  for  the  Ideal  electrical 
resistivity  whereas  the  latter  Involves  too  large  a  number  of  dislocations  (*  4  10u 
cm'2)  For  layer  structures,  however,  one  also  has  to  take  into  account  the  anisotro¬ 
py  of  the  phonon  branches.  Such  an  approach  was  carried  out  for  graphite  by  Dreyfus 
and  Maynard  (DM)  [13].  In  their  extension  of  Casimlr's  theory,  also  considering  the 
anisotropy  of  crystal  dimensions,  they  showed  the  basal  thermal  conductivity  to 
mainly  result  from  the  so-called  "In  plane”  modes  which  have  their  polarization 
parallel  to  the  basal  plane.  A  continuous  passage  from  T3  to  T2  1$  predicted  which 
Is  controlled  by  only  one  parameter  connected  with  the  value  of  the  C^,  elastic  cons¬ 
tant.  Then  the  phonon  mean  free  path  can  be  determined  and  Is  expected  to  be  consis¬ 
tent  with  the  smeller  basal  dimension.  Qualitatively  and  to  some  extent  Quantitati¬ 
vely,  analysis  shows  many  similar  features  In  the  structural  properties  of  graphite 
and  T1Se2.  Me  thus  have  fitted  our  results  to  M  theory  adjusting  C**  and  the  phonon 
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basal  mean  free  path.  Results  are  shown  in  the  figure  insert  and  are  seen  to  repro¬ 
duce  qualitatively  the  trend  below  5  K.  However  the  Cm,  value  obtained  (0.1  10  10 
dynes  cm'2)  Is  much  lower  than  the  measured  one  from  ref.  [5]  (14.3  10  10  dynes  cm*2). 
On  the  other  hand,  if  the  latter  value  is  used  the  T2  regime  would  be  expected  at 
higher  temperatures  (20-30  K)  and  in  fact  would  hardly  be  visible.  Also  the 
mean  free  path  obtained  (1.6  ym)  Is  much  smaller  than  expected.  These  discrepancies 
could  be  explained  by  moving  dislocations  able  to  decrease  the  phonon  velocity  [14]. 
The  velocity  for  the  transverse  ultrasonic  wave  propagating  along  the  c-axis  should 
be  especially  reduced.  We  have  verified  this  prediction  and  measured  about  350  m/s 
to  be  compared  with  140  m/s  deduced  from  our  fitted  C44.  However  such  a  treatment  is 
not  consistent  because  the  correlative  change  in  the  phonon  mean  free  path  must  be 
taken  Into  account,  and  so  0M  theory  has  to  be  extended. 

The  range  5-25  K  seems  difficult  to  explain  in  an  usual  way  but  it  could  perhaps 
be  connected  with  observed  anomalies  in  other  transport  properties.  Above  25  K,  the 
behaviour  of  K(T)  does  not  present  the  usual  features  of  umklapp  processes  resis¬ 
tance  [12].  On  the  other  hand.  If  one  considers  the  absorption  of  phonons  in  inter¬ 
pocket  transitions  to  be  an  important  mechanism  one  can  predict  from  the  dominant 
phonon  scheme  [12]  an  effective  temperature  range  starting  about  30-40  K  up  to  100- 
130  K  ;  this  grossly  corresponds  to  the  extent  of  the  T'^law.Twootherargumentsalso 
favour  such  an  assumption  :  firstly,  the  low  value  of  the  Fermi  energy  In  this  semi- 
metal  makes  transitions  possible  over  the  whole  volume  of  the  pockets  and,  secondly, 
the  thermal  conductivity  is  mainly  by  tranverse  in-plane  phonons  which  are  seen  to 
be  most  strongly  affected  by  the  transition  [6].  However  more  data  and  development 
of  calculation  are  needed  in  the  range  100-300  K  in  order  to  make  this  point  clearer. 
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ELECTROSTATIC  ENERGY  AND  LATTICE  VIBRATIONS  IN  THIN  IONIC  SLABS 
G.  Kanellis*,  J.F.  Horhange  and  M.  Balkanski 

Laboratoire  de  Physique  dea  Solides  de  l  'University  Pierre  et  Marie  Curie, 
assooie  au  CURS,  4  Place  Jussieu,  75230  Paris  Cedex  05,  Prance. 


Abstract.-  We  have  calculated  the  Electrostatic  energy  per  cell  for 
thin  ionic  slabs  of  any  structure  and  any  orientation,  as  a  function 
of  the  position  of  the  cell  and  the  thickness  of  the  slab.  It  is 
shown  that  a  macroscopic  depolarizing  field  is  created  inside  the 
slabs  of  certain  orientations.  The  Coulomb  interaction  between  pla¬ 
ne  lattices  is  also  calculated  for  the  general  case  and  the  results 
are  applied  to  GaAs. 


1.  The  Electrostatic  energy.-  Considering  a  slab  parallel  to  the  (hkl) 
plane  of  the  crystal,  one  can  choose  such  a  unit  cell  that  the  primitive 
translation  vectors  a j  and  a2  lie  on  the  plane  (hkl)  and  a3  out  of  it. 
The  expression  for  the  electrostatic  energy  per  cell  of  the  cell  l~(lj, 
l 2,  analogous  to  the  Madelung  constant  is 


I  I 


r  E  £' 

O^K^K 


licrz'Kj  -si'iicii  ' 


(i) 


where  r q  is  the  nearest  neighbor  distance ,  k 
and  k  ’  run  over  all  atoms  in  the  above  defined 
unit  cell,  lj,  l2  run  from  -»  to  ia  the 

charge  fraction  atributed  to  ion  k  and  N  mea¬ 
sures  the  thickness  of  the  slab  in  unit  cells. 

By  setting  for  each  position  vector 


“  I *ii I* 


l*ll ' 


(2) 


where  h  and  i  designate  the  parallel  and  per¬ 
pendicular  to  the  slab  components  of  the  vectors 
respectively,  and  using  a  variant  of  Bwald'e 
method  we  evaluate  the  two  -dimensional  infi¬ 
nite  sum  in  relation  (V.  For  l-(OOlg)  we 
obtain, 


Fig.  1.  Electrostatic  energy  per 
cell  fcr  central  cells  in  a  slab 
as  a  function  of  its  thickness . 


•Perm,  adress:  First  Laboratory  of  Physics,  University  of  Thessaloniki  -  Greece. 
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2*  "  C  C  ( 

a(l.3N\  =  -s^-  I  I  X  eap{-2ir|  t||5  |  -  2irif  •x('Z,k;  I! Lie?  }  + 

3  -  2Sa  k  I'3kVZ3 k«  f*»  lT'  33  33 

*¥  I  »Ofl5+sr««i)-pf +  + 

3  K  rf'  *  g*0  \  /F  RSa)  <  K 

for  k=k" 

rv  r  ,  irr 

+  j]SS-  r  5kV'  £  j?rir| t| /flJeap{-2iriT **ficiej}- -j —  X  tXjfl*  I  ,  <3) 

a  «"  a  ick' 


where  K"runs  over  all  atoms  In  the  unit  cell  lying  on  the  same  plane 
(hkl),  g  and  t  are  vectors  of  the  two  -dimensional  direct  and  recipro¬ 
cal  lattices  respectively,  1b  the  area  of  the  two-dimensional  unit 
cell  and 

OO 

H(x)  =  z  I  exp(-t2)dt  .  (4) 

fix  J 

It  is  expected  that  for  very  thick  slabs  (N  ■+<*)  expression  (3)  gives 
the  Madelung  constant  of  the  structure .  This  is  the  case  indeed  only 
if  the  plane  (hkl)  is  neutral.  If  not,  the  limit  of  a(ls,H)  for  N  ■*» 
is  different  by  the  amount 

2irr  . 

Ut(co)  =  _  -J-2.  (?a  .  s>o)a  (S) 

a 

where  P„  is  the  dipole  moment  of  a  unit  cell,  v  its  volume  and  v  is 
o  r  o.  o 

the  unit  vector  perpendicular  to  the  plane  (hkl).  ha(<»)  expresses  the 
energy  of  a  unit  cell  in  the  macroscopic  depolarizing  field  created  by 
the  charged  planes  of  the  slab.  In  fig.  1  we  give  some  results  for  slabs 
of  different  orientations  in  the  zink  -blende  structure. 


II.  The  Coulomb  Interaction.-  The  field  at  a  lattice  site  x(Ik)  due  to 
all  dipoles  PdkJ  at  lattice  sites  x(3kJ  is  given  by. 


xp{STriij'x(lk)  } 


Ea<M  -  I  Pfid’K)  dx  (tofajiw  T  \3t(ll^t(lK)\  '  (e) 

Vf’B  3  6  lll2 

where  q  is  the  wave  vector. 

Evaluating  the  above  double  summation  by  the  same  method  mentioned  a- 
bove  we  obtain: 


M(W)  -  I 


e  n'f'tij" 


W' Vf\ V  l3* 


where 
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._<i  I  (i  +q  )(t o+qa) 
lY 1  ~q>  =V~  E  | - pr^fj - +  It  +q\ooaaooa»  + 

+  ih{(xa  +qa)ao8i,  ■*■  <Tg  +  q^)ooea  J  exp{-2n\  t  +  ?|  |*  (lsK;Vj3\-2tij'x(l3K;Vjtf}  , 


(8a) 


^  =  rS  T.Ba£(R\g  +X‘(K&\)&Bp{2‘”iq‘Z(l3K)}  - 
g 

2 

-0-  £  (Ta-f<7a;CTg-/-flgjff(n|T  + q| /ff  J  eap{2iriT  •*  f  *"*,)}  t  (8b) 

coea  been  the  direction  cosines  of  v  . 

o 

As  it  can  be  seen,  all  terras  in  the  above  expressions  are  regular 
functions  of  q  for  q  +  0.  Hence  there  is  no  macroscopic  field  lying  on 
the  plane  of  the  slab. 

By  differentiating  the  total  electrostatic  energy  of  the  slab  in  afield 
equal  in  aagnitute  and  opposite  in  direction  to  the  depolarizing  field, 
the  macroscopic  field  due  to  vibrations  of  the  plane  lattices  along  vq 
is  obtained.  For  a  slab  parallel  to  the  plane  (111)  of  the  zink  -blende 
structure  it  is, 

~^7co“  |X-T  <61^  +  61^1*61^  * 

3 

+  61'316k1)  +  (61s16k1  +  61^2)  (6l'316rt  ♦6l'JF6teSj|  ,  (0) 

where  L  is  the  thickness  of  the  slab  and  d  the  shortest  distance  be¬ 
tween  two  successive  planes. 

Expression  (9)  gives  the  well  known  macroscopic  field  for  infinite 
thickness,  while  for  thinner  slabs  implies  interaction  between  each 
surface  plane  and  the  rest  of  the  slab. 

He  applied  the  above  results  on  GaAe  slabs  parallel  to  (111)  planes. 
The  normal  modes  obtained  belong  to  A  branches  of  the  infinite  crystal, 
while  the  surface  nodes  have  frequencies  between  the  u>L0  and  of  the 

L  point  on  the  Brillouin  tone  boundary. 
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PHONONS  IN  GRAPHITE  INTERCALATED  WITH  BROMINE 

F.  Ratal lan,  I.  Rosenman,  C.  Simon,  6.  Furdin*  and  H.J.  Lauter** 

Groups  de  Physique  des  Sol-ides  de  l  'Poole  Normale  Supyrieure,  University  Paris 
7,  Tour  23-2  Place  Jussieu,  78231  Paris  Cedes  OS,  France. 

•University  de  Nanay  I,  Nancy,  France. 

** Institut  Laue-Langevin,  Grenoble ,  France. 

Abstract..  -  He  have  investigated  the  phonon  spectrum  in  stage  2  graphite 
intercalate  with  bromine  by  using  inelastic  neutron  scattering.  He  have 
observed  longitudinal  and  transverse  phonons  along  the  c  direction  as  well 
as  in  the  layer  plane.  Results  are  presented  for  energies  up  to  15  THz  at 
300  K.  A  linear  chain  model  explains  most  of  our  results. 

1.  Introduction.  -  Graphite  forms  intercalation  compounds  with  a  large  variety  of 

atoms  or  molecules.  Among  them  the  acceptor  compounds  made  by  intercalating  halogens 

or  acid  molecules  present  the  most  interesting  properties  :  a  metallic  type  of 

conductivity  with  a  very  large  anisotropy,  so  that  they  can  be  considered  as  2-D 

metals.  Their  electronic  structure  and  properties  are  now  well  known {1).  But  very 

(2) 

few  results  on  their  lattice  dynamics  have  yet  been  published  and  even  these 
concern  mostly  Raman  active  modes.  A  few  neutron  studies  in  donor  compounds  are 
available*3-5*.  He  present  here  the  first  almost  complete  investigation  of  the 
phonon  spectrua  in  a  graphite  acceptor  Intercalation  compound  (GAC)  s  the  stage  2 
compound  with  bromine . 

2.  awyle  and  experiment.  -  The  sample  (0.8  x  1.5  x  3  cm3)  was  made  by  direct  inter¬ 
calation  of  broadne  in  highly  oriented  pyrolitic  graphite  (BOPG) .  It  should  be 
mentioned  hare  that  it  is  very  difficult  to  prepare  large  and  homogeneous  samples 
by  intercalation.  The  composition  as  checked  by  elastic  neutron  scattering  showed 
the  presence  of  a  non  negligible  amount  of  stage  3.  However  a  careful  analysis  of 
the  lnelaatic  results  had  allowed  us  to  separate  the  phonons  belonging  to  stages  2 
and  3.  The  experiments  were  made  on  IH8  spectrometer  at  the  high  flux  reactor  of  the 
Institute  Laue-Langevin  in  Grenoble,  France.  He  have  used  energies  up  to  15  TBs  and 
momentum  resolution  of  0.01  X-1.  He  have  made  experiments  rt  300  K  and  10  K.  As  our 
sample  is  obtained  from  H0FC,  it  can  be  considered  es  a  2-D  powder.  In  the  recipro¬ 
cal  apace  we  have  the  Bragg  reflexions  (0,0,1)  corresponding  to  the  identity  period 
Ic  and  the  circles  (h,k)  in  the  basal  plane  of  graphite  or  bromine.  He  present  here 
only  results  on  stage  2  obtained  at  300  K. 

3.  Results  and  interpretation .  -  He  have  observed  phonons  in  four  different  configu¬ 
rations  corresponding  to  t  [001]L,  [001 ]T,  [010JL  and  [010]T.  As  the  sample  is 

a  powder  in  the  basal  plana  only  the  phonons  in  the  configuration  [001 ]l  are 
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unambigously  defined.  Ml  our  results  in  the  four  configurations  for  energies  less 
than  15  THs  ore  reported  in  Pig.  1. 

He  have  not  performed  a  complete  calculation  of  the  force  constant  model. 

However  by  using  only  some  simple  assumptions,  we  were  able  to  Interpret  most  of 
our  experimental  results.  We  have  based  our  approach  on  the  calculations  for 
pristine  graphite *6,7*  which  introduce  force  constant  parameters  in  the  Born-von 
Karman  models.  He  now  consider  our  experimental  results  of  the  phonons  for  each 
configuration  : 

a)  -  [001 ]L  -  He  assume  that  the  three  experimental  branches  correspond  to  rigid 
modes,  we  then  calculate  the  phonon  branches  given  by  a  linear  harmonic  chain  model 
with  interactions  limited  to  the  nearest  neighbors.  He  have  used  two  force  constants 
and  two  masses  which  represent  an  average  per  carbon  atom,  as  has  been  previously 
used*5* .  He  find  a  very  good  agreement  with  the  experimental  results  (see  Pig.  2) 
for  the  following  values,  mc  -  12.01  a.m.u,  ”  11.42  a.u.m,  “  2840  dyn/cm 

and  $r  Br  -  1280  dyn/cm.  The  ratio  m^/n^  corresponds  to  the  formula  C^Br,  which 
results  from  an  elastic  scan  studies  we  have  made. 


Energy  (THZ) 


0(27T/c)  Q(4ty oVj) 


Pig,  1  t  Phonons  in  second  stage  bromine  Pig,  2  :  Phonons  in  the  [001 ]L.  The  ver- 
intercalation  compound  of  graphite.  The  tical  bars  are  the  experimental  values, 
vertical  bare  correspond  to  constant  Q  The  continuous  lines  are  the  results  of 
scene  and  the  horixontal  constant  B  scans,  the  computation  with  ”  0,45 

•ntf  mBr/mc  *  0.95.  The  dsshsdiinss  ere 
the  results  of  che  calculation  for  pure 
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b)  I001JTO  -  Although  for  this  branch  resonances  are  very  difficult  to  observe, 

we  get  an  almost  flat  phonon  branch  at  1  THz .  The  flatness  means  the  absence  of  pro¬ 
pagation  along  [001]  direction  for  the  transverse  optical  phonons.  This  feature  can 
be  related  to  the  absence  of  transverse  coupling  :  =  0.  This  is  confirmed  by  the 

value  1  THz  which  is  exactly  /2  less  than  the  value  at  T  point  in  HOPG'  ' .  This  shows 
also  that  in  this  GAC  is  the  same  as  in  HOPG. 

c)  £010]L  -  In  the  range  of  energy  that  we  have  investigated,  the  branch  is 
linear,  and  gives  a  sound  velocity  of  the  same  value  as  that  in  HOPG ^ .  This  means 
that  we  can  take  for  the  radial  constant  between  carbon  atoms  in  the  graphite  layer 
the  same  values  as  in  pristine  HOPG  . 

d)  [010]T  -  We  have  observed  three  branches  :  two  TO  and  one  TA.  At  the  T 
point,  these  are  connected  to  the  [001 ]L  branches.  As  the  energy  raises,  the  three 
branches  merge  together  and  give  at  the  zone  boundary  the  same  value  of  HOPG.  Due 
to  the  multiplicity  of  the  interactions  involved  in  these  branches  we  need  a  more 
complex  model  in  order  to  interpret  the  results. 
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PHONON  RAMAN  SPECTROSCOPY  IN  GRAPHITE  INTERCALATION  COMPOUNDS 
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Illinois  60880,  U.S.A. 
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Abstract.-  The  atoms  or  molecules  intercalated  in  a  graphite 
intercalation  compound  are  correlated  spatially  among  themselves, 
resulting  in  a  static  structure  factor  with  sharp  peaks.  Graphite 
phonons  with  momenta  corresponding  to  these  structure  factor 
peaks  have  a  higher  probability  of  being  scattered  into  the 
Brillouin  zone  center  and  becoming  Raman  active.  With  this 
momentum  selection  scheme,  we  can  interpret  the  observed  Raman 
features  of  graphite  intercalation  compounds  with  various  in¬ 
plane  structures. 


1.  Introduction.-  Graphite  intercalation  compounds  (GIC's)  exhibit 
various  ordered  and  disordered  in-plane  structures  of  the  intercala¬ 
tion  species.  It  is  interesting  to  examine  how  the  phonon  modes  of  the 
host  graphite  crystal  are  perturbed  by  the  intercalation  structures. 
Stage  1  donor- type  GIC's  have  the  simplest  3-dimensional  ordered 
structures  among  all  intercalation  compounds.  Nevertheless,  the  inter¬ 
pretation  of  their  unusual  Raman  features  has  been  a  vexing  problem 

12  " 

for  several  years.  ’ 

The  Raman  spectra  for  various  stage  1  donor  GIC's  are  summarized 


in  Fig.  1.  A  strong  frequency  dependent  continuum  is  observed  in  the 


spectra  for  EuCg  and  MCg  (M  ■  K,  Rb  and  Cs).  It  couples  with  the 
graphite  e|^  resulting  in  a  broad  Fano  peak  at  1500*10  cm-1. 


For  MCfl,  a  doublet  or  triplet  Raman  feature  is  also  observed  around 

1 

580  cm  .  LiCg  only  exhibits  a  relatively  sharp  peak  at  159^*5  cm  . 
Note  that  at  room  temperature,  MCg  has  a  (2X2)R0°  superlattice  in¬ 
plane  structure,  while  that  for  EuCg  and  LiCg  is  (/5v7)R30°. 


On  the  basis  of  phonon  band  structure  calculations  for  KCg  and 
RbCg,**  it  is  possible  to  associate  the  cm-1  feature  with  the  gra¬ 


phite  M  point  phonons,  which  are  rendered  first-order  Raman  active  by 
seme  folding  of  the  (2X2)  superlattice. 1  However,  the  zone  folding 


approach  can  not  acoount  for  the  continuous  background  observed. 
Also,  it  has  been  found ^  that  the  Raman  spectrum  for  CsCg  in  its  high 
temperature  disordered  phase  is  hardly  distinguishable  from  that  in 
the  room  temperature  ordered  phase.  Thus,  it  is  suggested^  that  both 
the  5&0  om”1  feature  and  the  continuous  background  are  disorder- 


C6-348 


JOURNAL  DE  PHYSIQUE 


induced  scattering. 

Here  we  present  a  model  incorporating  the  static  structure  factor 
for  phonon  scattering  and  the  momentum  selection  rules  for  the  Raman 
process,  and  show  that  both  the  disorder-induced  scattering  and  the 
zone  folding  effect  are  extreme  cases  of  a  same  basic  phenomenon. 

2.  Theory.-  Due  to  the  weak  interlayer  interaction,  the  phonon  disper¬ 
sion  curves  of  graphite  intralayer  modes  are  essentially  preserved  in 
GIC's.  However,  the  graphite  phonons  can  be  elastically  scattered  by 
the  intercalation  layers  and  exchange  momentum  k  with  the  intercalation 
lattice  with  relative  probability  S(£).  Here  S(k)  is  the  static  struc¬ 
ture  factor  for  elastic  scattering  and  should  have  the  same  general 
form  for  X-ray,  electron,  neutron,  and  phonon  scattering. 

Por  GIC's  with  perfect  commensurate  ordered  structures,  S(k) 
contains  only  sharp  superlattice  Bragg  peaks.  The  above  momentum 
selection  scheme  is  identical  to  the  zone  folding  mechanism.  On  the 
other  hand,  if  the  intercalation  species  were  completely  spatially 
uncorrelated,  they  would  contribute  a  flat  background  to  S(&).  The 
resulting  disorder-induced  scattering  would  reflect  the  phonon  density 
of  states  of  the  whole  Brillouin  zone. 

In  real  GIC's,  the  intercalation  species  are  strongly  spatially 
correlated.  They  result  in  a  structure  factor  with  essentially  disorete 
peaks.  Non-zone-cnter  phonons  with  momenta  corresponding  to  the  peaks 
of  S(£)  will  have  a  higher  probability  of  being  scattered  into  the 
zone  center  and  becoming  Raman  active. 

Consider  CsCg  as  an  example.  Fig.  2  shows  the  structure  faotor  in 
its  ordered  and  disordered  phases.  The  struetu**'*  factor  for  the  dis¬ 
ordered  phases  exhibits  a  strong  peak  at  q  -  l.jO  and  1.43  X-1  for  the 
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Fig.  2  »  The  static  structure  factor 
determined  by  X-ray  scattering  for 

(a)  the  excess  sample  CsCo  at  700  K, 

(b)  the  non-excess  samplers..  bCq 

at  700  K  and  (c)  CsC8  at  ° 

300  K  (from  Ref.  6).°The  momentum 
of  the  (100)  peak  in  (c)  corres¬ 
ponds  to  the  rM  distance  in  the 
graphite  2-dimensional  Brillouin 
zone  shown  as  the  insert. 


excess  and  the  non-excess  samples,  respectively,  which  correspond  to 
90ft  and  100?t  of  the  rM  distance  in  the  Brillouin  zone  of  graphite. 

The  FWHM  of  these  peaks  are  20ft  of  IT*.  Since  the  phonon  bands  near  the 
M  points  are  flat,  only  a  small  shift  in  the  Raman  frequency  is 
expected  when  the  Cs  layer  undergoes  the  order-disorder  phase  transi¬ 
tion. 

Using  this  structure  factor  momentum  selection  scheme,  we  can 
also  explain  why  the  580  cm-1  peak  of  the  density  of  states  of  the 
graphite  phonons  does  not  show  up  in  the  Raman  spectra  for  other  dis¬ 
ordered  GIC's,  as  well  as  why  the  strong  Fano  peak  only  exists  in  the 
spectra  for  MCg  and  EuCg.  Details  will  be  given  elsewhere.^’® 

3.  Conclusion. -  GIC's  are  a  unique  system  of  materials  with  a  high 
density  of  "impurities"  which  are  spatially  correlated  among  them¬ 
selves,  but  only  weakly  perturb  the  phonon  bands  of  the  host  crystal. 

A  momentum  selection  scheme  based  on  the  static  structure  factor  must 
be  employed  to  describe  the  disorder- induced  Raman  scattering. 

This  research  is  supported  by  the  Research  Board  of  the  Univer¬ 
sity  of  Illinois  at  Chicago  Circle,  the  Atlantic  Richfield  Foundation 
Grant  of  Research  Corporation  9422,  and  the  NSF  Grant  DMR 80-10486. 
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RAMAN  SCATTERING  STUDIES  OF  FOLDED  SHEARING  PHONONS  IN  KC12n  (n=2%6) 
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Abstract.-  Raman  measurements  were  performed  on  KC12n  (n-2M>)  in  the  very  low 
frequency  region  (10^50  cm-1)  at  room  temperature.  We  assign  the  observed 
Raman  peaks  to  the  folded  k/vQ  phonons  from  the  c-axis  transverse  acoustic 
branch  of  pristine  graphite.  A  simple  linear  chain  model  was  used  to  deduce 
the  shearing  force  constants  between  the  layers. 

1.  Introduction.-  The  dynamics  of  inter-  and  intra-layer  interactions  in  graphite 
intercalation  compounds  (GIC's)  have  recently  attracted  much  research  interest, 
especially  because  of  its  important  role  in  understanding  the  various  dimensionality- 
related  structural  phase  transitions  and  the  staging  mechanism  (a  stage  -n  compound 
consists  of  a  periodic  layer  sequence  of  an  lntercalant  layer  and  n  graphite  layers). 
Frequently,  the  concept  of  Brillouin  cone-folding  generated  by  the  new  periodicity 
upon  Intercalation  has  been  employed  to  Interpret  the  lattice  dynamics  of  GIC's. 
Neutron  inelaa.*"c  measurements  [1,2]  revealed  the  zone  folding  effects  on  the  c-axls 
longitudinal  acoustic  phonon  branches  in  alkali  GIC's  (AGIC's).  Raman  measurements 
[3,4]  on  stage-1  AGIC's  shoved  some  disputable  evidence  for  the  in-plane  zone- 
folding. 

In  this  paper  we  present  Raman  results  on  KC^2n  (n-2'^6)  which  demonstrate  the 
zone-folding  effects  on  the  [001]  TA  branch.  The  interlayer  shearing  interaction 
will  be  discussed.  More  detailed  discussion  is  given  elsewhere  [5] . 

2.  Experimental . -  Samples  ware  prepared  by  the  vapor  transport  method  [6]  from 
highly  oriented  pyrolytic  graphite  (HOPG).  The  HOPG  samples  were  cleaved  by  Scotch 
tape,  providing  an  atomically  smooth  surface  before  intercalation.  Each  Banple  was 
characterized  by  [001]  x-ray  reflection  measurements  before  taking  the  Raman  spectra. 

Raman  spectra  were  taken  in  the  pseudo-Brewster  angle  configuration  at  room 
temperature  with  a  1  meter  focal  length  home-made  double-grating  monochromator 
equipped  with  concave  holographic  gratings,  using  a  5145  A  Ar  laser  beam  focused 
into  a  line  image  50  p  wide  by  1  an  long.  The  power  was  limited  to  300  mN  to  avoid 
local  deterioration  of  the  sample. 

3.  Results  and  Discussion.-  Figure  1  shows  Raman  spectra  of  KC12n  («*“  2v6)  taken  in 
the  cross-polarised  configuration  at  room  temperature.  No  apparent  polarisation 
dependence  of  the  Raman  peaks  was  detected  in  these  experiments.  If  Fig.  1,  we 
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Fig.  1  :  Raman  spectra  of  KCj^n  (n-2'x^) 
taken  In  the  depolarized  configuration 
at  room  temperature.  The  spectra  (a)  ^ 
(e)  were  taken  from  stage  2^6  samples, 
respectively.  The  background  levels  are 
not  absolute.  The  slgnal-to-background 
ratios  were  about  1/2  in  (a),  1/4  In  (b), 
1/6  in  (c)  and  1/10  in  the  other  spectra. 
The  arrows  indicate  the  calculated 
values  of  the  phonon  frequencies  (see 
text) . 


positively  identify  two  peaks  at  19  and  23  cm  ^  in  stage  2,  two  peaks  at  23  and  34 
cm-1  in  stage  3,  three  peaks  at  16,  19,  and  39  cm  1  in  stage  4,  five  peaks  at  17, 

26,  30,  34,  and  41  cm-1  in  stage  5,  and  three  peaks  at  24,  29,  and  33  cm  1  in  stage 
6.  These  observed  peaks  are  attributed  to  the  folded  [001]  TA  phonons  because  of 
their  extremely  low  excitation  energies  and  their  stage  dependence.  Mote  that  a 
stage-n  compound  presumably  posesses  n  zone-center  shearing  optical  modes  since  a 
unit  cell  contains  (n+1)  layers.  With  use  of  a  nearest-neighbor  linear  chain  model, 
the  shearing  force  constants  (SFC's)  were  deduced,  as  is  shown  in  Table  1.  Here, 

♦l»  +2’  +3»  and  *g  stand  for 
potassium(K) -bounding  carbon(BC),  BC- 

interlor  carbon(IC),  IC-IC,  and  pristine 
graphite  C-C  force  constants,  respec¬ 
tively.  The  calculated  phonon  frequen¬ 
cies  using  these  SFC's  are  indicated 
with  arrows  in  Fig.  1.  We  did  not 
attempt  to  extract  the  SFC's  of  stage  6, 
because  of  the  poor  quality  of  the 
spectrum.  Though  these  SFC’s  should  not  be  taken  too  seriously  because  of  the 
missing  peaks  and  our  staple  model,  the  following  trends  can  be  deduced  from  the 
table.  First,  the  K-C  shearing  Interaction  in  these  compounds  is  much  weaker  than 
that  of  C-C  in  pristine  graphite,  and  relatively  stage  independent.  This  is  not 
surprising  since  the  K  layers  are  disordered  at  room  temperature,  and  have  a  layer 
stoichiometry  of  KCj^  l? )  •  Second,  the  SFC's  of  IC-IC  layers  is  close  to  that  of 
pristine  graphite.  This  is  consistent  with  the  accepted  picture  [8)  that  the  IC-IC 
interactions  in  GIC's  should  be  similar  to  that  in  graphite.  Third,  the  SFC  of 


Table  1  :  The  shearing  force  constants 
in  KC12b  (n-  2-V.5). 


♦l^G 

♦2/9g 

*3^G 

Stage  2 

0.10 

0.58 

Stage  3 

0.18 

0.84 

Stage  4 

0.14 

1.03 

1.13 

Stage  5 

0.22 

1.07 

1.13 
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BC-BC  layers  is  surprisingly  small  in  stage  2  (one  might  expect  stronger  interaction 
because  of  the  excess  electrons  donated  by  K  atoms),  and  the  SFC  of  BC-IC  layers 
approaches  that  of  C-C  layers  in  pristine  graphite  with  increasing  stage.  This 
observation  of  the  anamalous  weak  interlayer  interaction  is  difficult  to  understand. 
Note  that  x-ray  measurements  of  the  compressibility  at  high  pressure  also  showed  an 
extremely  soft  interlayer  interaction  in  KC^  [9]  .  Possible  explanations  are  (1) 
the  electrons  in  the  ir  orbits  mainly  form  anti-bonding  orbitals  along  the  c-axis, 

(2)  because  u  orbits  are  more  electron-filled  in  GIC’s,  and  thus  the  Pauli  exclusion 
principle  repulsive  force  becomes  stronger,  or  (3)  because  of  the  Coulombic  inter¬ 
action,  the  majority  of  tt  electrons  are  localized  on  the  K+  ion  side,  leaving  the  x 
orbits  on  the  other  side  relatively  empty  [10]  .  This  leads  to  a  weak  BC-C  inter¬ 
layer  interaction.  Finally,  we  mention  that  stiffening  of  the  BC-IC  interlayer 
interaction  with  increasing  stage  suggests  an  extended  charge  delocalization  in 
higher  stage  compounds. 

He  thank  H.  A.  Kamitakahara,  D.  M.  Hwang  and  P.  C.  Eklund  for  valuable  discus¬ 
sions.  We  also  thank  N.  Caswell  for  useful  information  about  preparing  high  stage 
samples,  and  A.  H.  Moore  for  providing  the  HOPG  used  in  these  experiments.  This 
work  was  supported  in  part  by  NSF  80-20550,  DOE  DE-AC02-76ER01198  and  ONR 
N00014- 79-C-0424 . 
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Abstract . -  By  using  stationarity  properties  within  the  finite 
temperature  density  functional  approach,  it  is  shown  that  the 
calculation  of  phonons  and  electron-phonon  coupling  processes 
can  be  based  on  the  coupling  between  renormalized  "bare”  phonons 
and  the  HKS  one-electron  system,  under  the  condition  that  the 
potential  remains  "frozen".  This  explains  the  success  of 
calculations  of  phonon  anomalies  and  electron-phonon  coupling 
parameters  in  transition  metals  which  were  based  on  rigidly 
moving  potentials .  The  approach  la  rigorously  applied  using  the 
LMTO-ASA  band  method.  It  is  found  successful  in  ab  initio 
calculations  of  shear  moduli  in  transition  metals,  and  promising 
for  complete  phonon  and  electron-phonon  coupling  calculations. 


1.  introduction . -  The  success  of  first  principles  microscopic  calcula¬ 
tions  of  phonon  spectra  in  metals,  was  limited  in  the  past  to  free- 
electron  like  cases.  Following  the  pseudopotential  technique,  one  can 
start  there  from  the  jellium  model  assuming  that  the  pseudopotential 
is  weak,  and  expanding  the  energy  change  in  powers  of  it.  The  obtained 
expression  is  separated  into  electronic  and  ionic  parts  /l/,  and  has 
been  extensively  applied  for  simple  metals  /2-4/. 

This  type  of  calculations  does  not  succeed  in  transition  metals 
id  their  compounds  and  alloys ,  which  exhibit  interesting  properties 
(not  found  in  general  in  simple  metals)  such  as  anomalies  correlated 
with  instabilities  and  high  superconducting  transition  temperatures. 

In  the  last  few  years  there  have  been  many  attempts  to  develop  the 
microscopic  theory  of  phonon-spectra  and  electron-phonon  coupling  in 
these  metals  /5-14/.  However,  to  our  knowledge,  there  has  yet  been  no 
completely  first-principles  (parameter less)  calculation  of  phonon 
spectra  in  transition  metals,  for  general  3  points.  In  addition,  recent 
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explanations  of  phonon  anomalies  looked  contradictory:  some  were  based 
on  one-electron  theory,  and  other  one  many-body  screening  effects. 

In  this  work  we  develop  further  the  ideas  initiated  in  ref.  14 
showing  that  many-body  effects  (including  non-local  exchange-correla¬ 
tion)  could  be  represented,  under  certain  conditions,  as  one-electron 
effects.  So  the  problem  of  screening  could  be  avoided,  simplifying 
first  principles  calculations  of  phonon  spectra  and  electron-phonon 
coupling  in  transition  metals  for  general  £  points. 


2.  Stationarity  Proi?erties .-  Let  us  generalize  to  finite  temperatures 
the  ideas  of  ref.  14,  using  Mermin's  generalization  /15/  to  the  HKS 
approach  /16-17/.  One  introduces  a  free  energy  functional  P{v,n)  of 
the  variables:  v(r)  the  external  potential  to  the  electrons  system, 
and  n(r)  -  a  "permissible"  electronic  density.  We  consider  an  external 
potential  which  has  a  smooth  dependence  on  a  parameter  8:  v(6,r) ,  and 
denote  by  n(8,r)  the  corresponding  thermally  averaged  density.  The  free 
energy  F(B),  corresponding  to  this  potential,  is  equal  to  F{v(8) ,n(B) } . 
In  addition,  this  functional  satisfies  a  minimum  property  under 
density  variations,  which  Introduces  the  stationarity  property  /14/  : 

F(60)  -  f{v(Bq) ,  n(B) }  +  0(B-8o)2  (1) 

In  order  to  calculate  F,  one  introduces  /17/  an  effective  system 
of  non-interacting  electrons  (the  'tone-electron  system")  with  the  same 
thermally  averaged  density  n(r).  In  this  system  one  uses  the  one- 
electron  Hamiltonian  Hn  «•  fi2V2/2m  +  vn(r),  where  the  effective  one- 
electron  potential  vn  i»  given  by  /17/: 


vn(r)  -  v(r)  +  vc(r)  +  vxc(£)  (2) 

vc (£)  is  the  Coulomb  potential  due  to  the  electrons,  and  vxc(r)  is  the 
so  called  "exchange-correlation"  potential,  Hjj  satisfies  the  secular 
equation:  Hn{))k>  -  Kb(k) |bk>,  yielding  a  spectrum  of  eigen-values  and 
eigen-states,  obtained  by  a  band  calculation.  The  one-electron  free 
energy  Fn  can  be  expressed  as  a  functional  of  vR,  and  is  given  by: 

Fn{vn>  -  nEy  +  T l  log  [l-f(Eb(k))1 
bk 


(3) 
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where  n  is  the  number  of  electrons,  Ep  is  the  Fermi  level,  T  is  tempe¬ 
rature,  and  f (E)  is  the  Fermi  function. 

Let  us  consider  a  one-eJectron  potential  which  has  a  smooth 
dependence  on  a  parameter  a:  vn(a,r)  and  denote  by  n(a»r)  the 
thermally  averaged  density  related  to  it  through: 


n(r)  -  l  ftEbOO)!*.  <k,r>l2  (4) 

bk  “ 

where  4b(k,r)  is  the  wave-function  corresponding  to  |bk>.  The  free 
energy  functional  of  the  real  electrons  system  is  given  by  /17/: 


F{v,n}  =>  Gn(n}  +  oc{v,n}  +  Fxc{n}  (5) 

where  Uc  is  the  total  Coulomb  energy  of  the  electron-nuclei  system, 
Fxc  is  the  so  called  "exchange-correlation"  free  energy,  and  Gn  is 
given  by: 


Gn(n(a)}  =  FR{vn(a)}  -  /vn(o,r)n(o,r)d3r  (6) 

On  the  basis  of  the  same  arguments  that  led  to  Eg.  (1) ,  and  the 
properties  of  a  Legendre  transformation  /14/  we  get  the  following 
stationarity  property  (with  respect  to  variations  in  vn) : 


GR{n(a) }  «  Fn{vn(a0)>  -  /vn(a0,r)nfcr)d3r  +  0(a-ao)2  (7) 

By  combining  Eqs-.  (1)|  (5),  (7),  and  denoting: 


v(r)  -  v(@Q,r)  ,  vn(r)  -  vn(o0,r),  ii(r)  -  ©(ai^r)  -  n(Bi,r)  (8a-c) 
we  get  that  the  free  energy  can  be  expressed  as* 

r  -  F(B0)  -  Fn{vn}-/vn(r)  ii(t)d3r  +  Dc{v,n}  +  Fxc{n}  + 

+  0(ai-ao)a  +  0(Bj-6o)a 
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This  expression  allows  us  to  calculate  F  on  the  basis  of  approximate 
n  and  vn,  which  could  be  specially  chosen  to  simplify  the  calculation. 
Let  us  consider  for  simplicity  monoatomic  crystals  with  closely  packed 
structures.  They  are  composed  6f  Wigner-Seltz  (WS)  cells  of  volume  ft 
and  "radius"  s=(3ft/4it) 1/3 . 

3.  Application  to  Free  Energy  Differences.-  Simple  applications  of 
Eqs.  (8) ,  for  free  energy  differences  between  two  crystals  with  the 
same  volume,  are  achieved  /14/  by  using  the  "frozen  potential”  and  the 
"frozen  density"  conditions .  Namely  vn(r)  and  n(r)  are  taken  in  (8b, c) 
the  same  for  both  crystals  in  the  inner  parts  of  the  HS  cells,  and  at 
least  on  the  average  close  to  their  boundaries.  Considering  for 
example  the  influence  of  an  additional  external  potential  V(r)  (which 
changes  v(r)  in  (8a)  to  v(r)  +  V(r)).  It  turns  out,  by  using  these 
conditions  in  (Bd) ,  that  the  free  energy  change  is  given  to  the  first 
order  in  V  by: 


=tyJc(v,n)  -  /V(r)  n(r)  d3r  (9) 

This  expression  can  be  applied  for  the  effect  of  electric  fields  on  the 
electrons.  Its  importance  is  that  exchange-correlation  effects  do  not 
appear  explicitely.By  introducing  spin  and  current,  one  can  apply  a 
similar  expression  also  to  magnetic  fields. 

Another  application  is  for  the  free  energy  change  6^F  with  tempe¬ 
rature,  assuming  that  the  volume  change  is  negligible,  which  is  valid 
at  low  temperatures  (the  thermal  expansion  coefficient  is  connected 
with  anharmonicity,  and  vanishes  T  »0K) .  in  this  case  v(r)  remains 
fixed,  and  for  vn(r)  and  n(£)  we  use  the  above  conditions.  By  (8d) 
we  get  to  the  first  order  in  6T: 

VWV  +  V*c  {">  <10> 

is  a  one-electron  term,  while  5TFXC  {  n  >  is  due  to  thermally 
activated  low  lying  collective  excitations  (their  calculations  are  under 
the  frozen  potential  and  density  conditions  respectively) . 

Another  application  /14/  is  for  the  free  energy  change  4^F  under  a 
volume  conserving  lattice  strain  (characterized  by  a  strain  parameter 
Y) .  Such  a  strain  could  be  a  "frozen  in"  phonon.  Let  us  use  in  this 
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case  also  the  condition  that  n(r)  is  a  muffin-tin  (MT)  density.  Namely 
it  is  spherically  symmetric  around  the  WS  cell  centres,  and  flat 
"enough"  on  their  boundaries.  By  n(a,r)  we  denote  the  spherically 
averaged  density  n(a,r)  around  the  WS  cell  centre,  and  introduce  the 
quantity  Z(a)  =>fln<a,s).  The  band-structure  value  is  denoted  by 
S0  «*  Z(<*0).  The  corresponding  density  n(aQ,r)  has  the  first  r-deriva- 
tive  n^'(a0,s)  close  to  zero  by  symmetry.  In  order  to  satisfy  the  MT 
density  condition,  we  require  that  also  the. second  r-derivative  n'  (s) 
will  be  zero,  and  denote  the  corresponding  Z(a)  value  by  Ze£f. 

The  result  of  the  three  conditions  (frozen  potential  and  density,  ht 
density)  on  (8d)  is  /14/: 


V  -  Vn{vn>  +  Ze2f/Y°M  (11) 

where  D  represents  the  Made lung  energy  of  unit  charge  point  ions  in  a 
uniform  neutralizing  background.  5  F  has  vanished  here,  including 

T  XC 

the  leading  non-local  terms,  which  can  be  expressed  through  an  ex¬ 
pansion  in  density  gradients  /16/  at  the  WS  cells  boundaries,  and 
fall  by  the  flatness  of  the  MT  density  there.  In  the  casethat  y 
represents  a  symmetry  removing  strain  (such  as  a  frozen-in  phonon)  it 
can  be  shown  /14/  that  for  a  suitably  chosen  Zgf f ,  the  error  in  Eq. (11) 
is  reduced  to  order  y3,  and  thus  it  (LI)  is  valid  within  the  harmonic 
approximation.  This  value  of  Ze^f  is  given  by  /14/: 


Ziff  "  Zo  ~  ao  dz<ao)2/d«  <12> 

(2) 

where  the  parameter  a  has  been  chosen  as  :  a  *  n'  (a,s),  and  it 
represents  the  density  deviation  from  the  flatness  condition. 

The  accuracy  of  Eq.  (11)  (to  order  y2)  is  then  linked  with  the  vali¬ 
dity  of  a  linear  approximation  for  non-flatness  energy  effects  (such 
as  non-local  exchange-correlation) .  The  density  a-derivative  in  Bq. 
(12)  is  obtained  by  perturbation  expansion  of  the  wave-functions.  Ac 
was  shown  in  ref.  14,  this  restricts  the  permissible  variations, 
obtaining  a  sharply  determined  value  of  Zgff  for  simple  and  transition 
metals . 

In  table  I  we  represent  the  values  of  ZQ  and  Zef£  calculated  (at 
T-0)  for  the  bcc  and  fee  metals  of  the  4th-6th  rows,  on  the  basis  of 
self-consistent  LMTO-ASA  band  calculations  /18/  (neglecting  core 
density  contributions) .  We  also  show  in  the  table  the  relative  change 
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between  ZQ  and  zeff  This  change  represents  energy  effects  which  are 
included  in  (14)  indirectly,  through  the  variation  procedure,  concern¬ 
ing  among  other,  non-local  exchange-correlation  effects.  In  the  free 
electron  limit,  coincides  with  ZQ,  and  Eq.  (11)  with  similar 

expressions  applied  using  the  pseudopotential  technique  /1,2/.  From 
table  I  it  turns  out  that,  within  the  transition  metal  series,  the 
fifth  column  is  the  closest  to  free-electrons  concerning  Zeff  -  ZD, 
while  the  tenth  column  is  the  farthest. 

Eq.  (11)  was  applied  /14/  to  calculate  the  tetragonal  shear  moduli 
C*.  *  %(Cn-Ci2)  of  the  non-magnetic  fee  transition  metals  (using  the 
LMTO-ASA  band  method)  and  the  results  are  represented  in  table  II. 

C'calc  is  given  as  a  sum  of  two  terms:  C£  and  Cjfc,  related  to  6^Fn  and 
6  uu  respectively.  Each  of  these  terms  has  an  error  bar  estimated  from 

Y  M 

the  accuracy  of  the  calculation  /14/,  and  the  results  agree  with  the 
experimental  ones  CgXp  within  the  error  bars.  For  Rhodium  the  theoreti¬ 
cal  result  preceded  the  experimental  one  /19/.  For  these  metals  the 
difference  between  Zc  and  Ze£f  is  large  (see  Table  I) ,  and  the  trans¬ 
formation  (12)  is  essential. 

4.  Electron-Phonon  Hamiltonian.-  The  shear  results  correspond  to  low-3 
limit  phonons  /8/.  For  finite  3  the  strain  parameter  y  is  represented 
by  periodic  displacement  vectors  Qa (3) .  bet  us  introduce  the  quantities : 


Da-;<3>  * 

zlft  32V^a.(3)*  3Va)lQ.o 

(13a) 

,.(1> 

9b'ba 

(k,3) 

-  3<b-k43!Hn|bk>  /3Qa(3)!^0 

.»  i 

(13b) 

„(2> 

9ba'a 

(k,3> 

-  a2  <bk  I  Hn  I  bky  3Qa,  (q)  *  3Qa  (3)  I  Q_0 

(13c) 

where  the  derivatives  of  Hn  are  determined  by  the  frozen  potential  con¬ 
dition.  There  are  two  approaches  concerning  the  derivatives  of  tbk>/20/: 
the  Bloch  approach,  under  which  these  derivatives  vanish}  and  the  Frfth- 
lieh  approach  under  which  jbfc  >  form  a  complete  set  of  "displaced" 
state*}  and  the  matrix  elements  of  fin  are  derivated  directly. 

At  low  temperatures  one  can  take  (by  Eqs.  (8)  and  (12))  temperature 
independent  v„  end  Zeff ,  so  that  the  quantities  in  Bqe.  (13)  do  not 
depend  on  T.  Let  ab(k)t  toe  the  creation  operator  of  the  state  |  tok>, 
and  8^(3)  ■  ito/K}a(tJ).  The  hks  one-elect ron  Hamiltonian  Hn  can  toa 
genaralizad  and  expressed  ast 
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Hn  ■  J.  Eb(*s)  ab(^>+  ab(^)  +  fpa(q)*  pa&y-M+ 1  d^0)(3xj  <s>*Va) 1 

dk  ag  at  a 

gpKq  d  a  ’ 

X  Qa*g>*Qa(2)ab(^ab(*)3 

+  1  <b'k|V|  bk»a.,  <k)+a.(k)  (14) 

bb'k  D  D 


From  a  perturbation  expansion  of  Eq.  (11)  it  turns  out  that  this 
Haailltonian  determines  the  phonon  frequencies  at  low  temperatures,  and 
therefore  also  their  line-widths.  In  addition,  it  turns  out  by  Eqs.(4), 
(9),  C 3)  and  (11),  that  this  Hamiltonian  can  be  also  used  to  describe 
low  temperature  physical  processes  where  the  (real)  electrons  are  in¬ 
fluenced  by  external  fields  (characterized  by  V)  and  electron-phonon 
coupling  (neglecting  the  temperature  dependent  contribution  of  other 
collective  excitations  such  as  spin  and  charge  fluctuations) . 

So  we  could  base  the  electron-phonon  problem,  within  the  harmonic 
approximation,  on  the  coupling  (through  g*13  and  g*23 )between  the  D*03 
bare  phonons,  and  the  HKS  one-electron  system.  The  many-body  effects 
are  included  indiretly  through!  (i)  the  renormalization  of  Zeff  which 
represents,  among  other  things,  non-local  exchange-correlation  effects; 
(ii)  the  use  of  the  frozen  potential  condition  under  which  potential 
and  screening  corrections  are  mutually  cancelled. 


5 .  Discussion.-  Electron-phonon  coupling  calculations  in  transition 
metals  are  currently  done  using  /ll/  the  "rigid  muffin-tin  approxima¬ 
tion"  (RMTA) ,  or  the  "modified  tight-binding  approximation"  (MTBA) . 

The  frozen  potential  condition  is  approximately  used  in  both  methods. 
So  their  success,  within  a  one-electron  theory,  is  understood  on  the 
basis  of  the  above  discussion.  The  RMTA  has  succeeded  /ll/  in  cal- 
cul  Itions  cf  electric  resistivity,  phonon  line-widths,  tunneling 
spectral  functions,  and  the  mass -enhancement  parameter  A  in  transition 
metals;  the  sswill  deviations  (-10-2««)  of  the  calculated  X  frost  the 
values  obtained  by  different  experiments  /ll/  could  be  explained  as  due 
to  spia-fluctuations/21/.  The  RMTA  however  failed  /ll/  in  the  low-g 
limit  end  fee- the  anisotropy  of  1  in  Mb  /22/  which  has  large  low-g 
contributions  /ll/.  nils  is  due  to  the  fact  that  in  the  low-g  limit, 
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ne  calculates  ratios  between  Infinitesimal  numbers,  which  are  sensitive 
to  Inaccuracies  introduced  by  the  perturbative  "shifting*  of  the  wave- 
functions  within  the  Bloch  approach  (used  in  the  RMTA) .  This  problem 
does  not  exist  within  the  FrShlich  approach  where  the  shifting  of  the 
wave -functions  is  treated  rigorously,  and  indeed  calculations  using  it 
in  the  MTBA,  succeeded  where  the  RMTA  failed.  Such  calculations  in  Nb 
were  successful  for  the  anisotropy  in  X  /22,7,9/,  and  for  shear  ano¬ 
malies  (low-q  limit)  in  Zr-Nb-Mo  alloys.  Such  calculations  were  suc¬ 
cessful  inexplaining  X  values  /9/  and  phonon  anomalies  AO/  in  transi¬ 
tion  metals  and  their  compounds.  The  same  anomalies  could  be  also 
explained  as  a  screening  effect  /5,6/f  and  this  strengthens  our  argu¬ 
mentation  that  such  effects  are  included  in  the  Hamiltonian  (14) . 

The  MTBA  has  its  limitations  being  based  on  fitting.  By  approa¬ 
ching  the  problem  with  the  LMTO-ASA  band  method,  one  can  rigorously 
interpret  the  frozen-potential  condition.  The  advantages  of  the  MTBA 
are  restored.  Furthermore,  the  algorithms  to  calculate  Zeff  (see  table 
I)  D*0*,  g*1*  and  g*2'  can  be  naturally  built  within  the  framework  of 
the  method  /23/.  So  complete  phonon  calculations  for  general  3-values, 
and  also  rigorous  calculations  of  electron-phonon  coupling  processes 
have  become  handy. 
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ELECTRON-PHONON  COUPLING  IN  THE  NONTRANSITION  METAL  CADMIUM 

B.  Dorner,  A. A.  Chernyshov*,  V.V.  Pushkarev*,  A. Yu.  Rumyantsev*  and  R.  Pynn 

ILL  Grenoble,  France 
*Kurtahatov  Inet.,  Moscow,  U.S.S.R. 


Abstract .  -  By  inelastic  neutron  scattering  we  observed  several 
anomalies  in  the  group  velocities  of  the  phonon  dispersion  curves. 
They  could  all  be  allocated  on  the  Fermi  surface.  Strengths  and 
shape  of  the  anomalies  differ  considerably  from  theoretical  pre¬ 
dictions  . 


After  measuring  the  phonon  dispersion  curves  of  Cd  at  80  K  by  inelastic 
neutron  scattering  /I/  we  concentrated  on  the  Kohn  anomalies  /2/  in 
the  dispersion  curves.  Several  anomalies  (AN's)  like  Fig.  1  were  de¬ 
tected  and  allocated  on  the  Fermi  surface.  From  calculations  in  per¬ 
turbation  theory,  including  <econd-order  terms  in  the  Heine  Abarenkov 
/3/  model  potential,  it  w  expected  that  the  group  velocity  at  an  AN 
should  exhibit  a  single  maximum  or  a  single  minimum  depending  on 
whether  the  phonon  dispersion  is  followed  from  inside  the  Fermi  sur¬ 
face  towards  outside  or  vice  versa  /4/.  In  Fig.  1  anomaly  No.  4  should 
be  a  mamimum  and  No.  5,  practically  coinciding,  a  minimum.  The  calcu- 
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experimental  observation  reveals 
position  and  a  strong  unexpected 


a  strong  maximum  at  the  predicted 
minimum  for  smaller  q-values. 


Fig.  2:  Measured  (open  dots) and 
"u  calculated  (b,d)  phonon  group 
8  velocity. 

E 

JC 


3 
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Fig.  2  shows  calculated  and  measured  AN's  /5/  for  two  longitudi¬ 
nal  dispersion  curves  in  |005|  and  | 500 |  directions  involving  the  re¬ 
ciprocal  lattice  vectors  r  =  (002)  and  t  =  (100),  respectively.  Both 
calculated  AN ’ s  and  the  experimental  one  in  | 500 |  directions  are  com¬ 
parable  in  strength,  but  the  observed  one  in  |005|  direction  is  much 
stronger.  Both  AN’s  are  related  to  electron  transitions  between  spheri¬ 
cal  parts  of  the  Fermi  surface,  therefore  the  band  structure  should  be 
similar.  But  the  strong  anisotropy  of  the  Cd  structure  (c/a  =  1.886 
instead  of  1.633  for  ideal  h.c.p.)  produces  probably  an  anisotropy  in 
the  electron  phonon  interaction  and  in  the  electron  susceptibility  via 
an  anisotropy  in  the  conduction  electron  wave  function  and  in  the  elec¬ 
tron  ion  potential. 


T=  (101) 


Fig.  3s  Plane  in  reciprocal 
space  perpendicular  to  | 100 | 


We  investigated  the  AN's  out  of  symmetry  directions  as  well  /5/ 
and  could  separate  some  which  coincide  for  symmetry  directions.  Par¬ 
ticular  attention  was  paid  to  electron  transitions  between  flat  parts 
(surface  of  the  second  Brillouin  zone)  of  the  Fermi  surface  with 
t  -  (101).  On  the  flat  parts  an  energy  gap  must  exist.  The  solid  line 
in  Fig.  3,  going  through  the  centre  of  the  Brillouin  zone,  gives  the 
trace  for  eventual  AN's  of  this  kind,  while  along  the  dashed  line  AN's 
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would  occur  in  the  case  of  a  spherical  Fermi  surface.  The  points  in 
Fig.  3  indicate  observed  AN 1 s .  For  the  symmetry  direction  T,  where  the 
AN  coincides  with  q  ■  o,  we  found  a  strong  variation  of  the  phonon 
group  velocity  for  small  q.  '■ 


PHONON  WWEVECTOR 


Fig.  4s  Anomalous  behavior  of  the  phonon 
group  velocity  in  T  direction  for  avail 
q's.  a)  Kohn  anomaly  incase  of  a  spheri¬ 
cal  Fermi  surface,  b-d)  Case  of  a  flat 
Fermi  surface  t  *  (101). 
b:  e  *  0.01;  ct  c  *  0.02;  d:  e  ■  0.03. 


A  calculation  /S/  shows  that  some  kind  of  AM  appears  even  for 
flat  parts  of  the  Fermi  surface,  if  the  gap  is  sufficiently  small.  Yet, 
it  is  not  a  Kohn  AN,  as  the  slope  Of  the  electron  susceptibility  at 
2  kp  (2kp  being  the  distance  between  opposite  parts  of  the  Fendi  sur¬ 
face)  is  finite  and  not  infinite.  The  calculated  effect  on  the  group 
velocity  for  small  q's  in  T-direction  ie  presented  in  Fig.  4.  Case  b 
resembles  the  observed  behavior.  The  gap  which  is  2  V+  was  character¬ 
ised  by  the  parameter  c  *  V»/2B°(t/2)  where  V+-  is  the  velum  of  the 
model  potential  at  the  point  (ipi)  and  K°(t/2)  is  the  energy  of  an  un¬ 
perturbed  state  et  the  sons  boundary. 
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RAMAN  SCATTERING  FROM  ANOMALOUS  PHONONS  IN  TRANSITION  METALS  AND 
COMPOUNDS 


M.  V.  Klein 

Department  of  Physios  arid  Materials  Research  Laboratory,  University  of  Illinois 
at  Vrband-Champaign ,  Vrband,  Illinois  61801,  U.S.A. 


Abstract . —Phonon  anomalies  in  transition-metal  compounds  often  produce 
enhanced  two— phonon  Raman  spectra*  Examples  are  given  and  a  theoretical 
explanation  sketched*  The  anomalous  E«  phonon  and  electronic  b— n  scattering 
In  V3SI  are  also  discussed. 


Phonon  anomalies  in  transition-metal  compounds  occur  when  scattering  of  d— electrons 
near  the  Fermi  surface  renormalizes  the  phonon  frequencies  by  giving  them  a  self- 
energy  *(qtu <v> 0)  that  la  large  and  negative.*-  This  alters  the  frequency  by  an 
amount  %I-»(q,0) ] .  The  same  d-electron-phonon  Interactions  are  responsible  for 
strong  two-phonon  over tone  Raman  scattering.  There  Is  a  microscopic  connection 
between  the  anomalies  and  t$»  Reman  cross-section.2  Apart  from  the  usual  Bose 
factor,  the  latter  is  approximately2, 3 

cr<«) P  I  (l) 


where  P  contains  a  polar liability^ Ilka  factor, 
would  give  simply  P(u>/2),  where  ti/s)  is  the  phonon  density  of  atntes 
»(q,0)  gives  selective  Rsmsn  enhancemeot 


Fla,  li  The  A-symmetry  Raman  spectrum 
oTB4Me2  at  300  and  100  K.  (Ref.  4) 


If  *(q,0)  wets  unity  the  sum  over  q 
A  variable 
far  those  phonons  that  are  anomalous. 

A  clean  example  of  this  effect  la  found 
In  the  normal  phase  of  the  layered 
transition  metal  dichalcogenldes  before 
they  undergo  a  chargO-denslty-wave  (CW) 
type  of-phase  transition.2  'For  example. 
In  2H-MbSS2  the  LA  phonon  near 
.  q  “  (Z/3)rM  softens  and  even tuaUy  , con¬ 
denses.  Its  overtone  gives  the 
St^ongMt  Ramanfe4(thr«  In  the  rohn- 
temperature  spectrum,*  as  shown  la  Fig. 

■  l»^hfnely ;  dtp  b^si :  peAk  at  ytf  C^1,  '  ' 
which  softens  to  160  cm"*  at  100  K. 

This  spec trim  is  clearly  mot  the  full 
F(w/2)  but  shows  the  soft  LA  region 
only. 


Another  example  la  found  In  the  group  Vb  transition  natal  carbides,  which  have  the 
rock-salt  structure.  The  saaples  always  occur  with  at  least  a  few  percent  carbon 
vacancies,  which  induce  a  one-phonon  Kanan  spectra  that  Is  quite  dose  to  F(w). 
This  can  be  seen  for  acoustic  nodes  in  TsCqi 99  in  Fig.  2  In  the  curves  labelled 
"lph".  The  curves  labelled  "2ph"  are  twp-LA-pbonon  spectra  plotted  as  a  function 
of  cii/2.  These  strong  two-phonon  peaks  are  not  due  to  the  vacanclea ,  but  are 
Intrinsic  and  show  enhancements  relative  to  F(u)  In  the  aid-frequency  region,  where 
the  well-known  phonon  anomalies  lie."* 


_  400 


0  100  200 
-^-w(2ph), 
wllphHcnf1) 


set  (car) 


Fig,  2  lanes  scattering  from  F&g^;  Thffc,*.  Femsn  spectra  t>f  V3S1  at 

acoustic  phonons  in  T*Co.99‘  (Xaf .  S)  five  temperatures,  (tef.  6)  Lines  repre- 

For  each  syanetry  one  end  two  phonon  1  seat  fits  to  a  lorsatrian  .with  aati- 
spectra  efS. compered,  the  latter  as  .  resonance..  ,  ;  K 

a  function  w/2. 

An  seomalnue  one-phonon  lames  peek  la  "shown  ‘In  fig.  3  for  VjSl.  ^  this  3g(^)  mods 
" dinar lsec"  <100)  chains  of  F-ntona.  The  frequency  Is  lower  then  expected,  end  the 
node  'softens  sad  broadens  upon  cooling.  The  pronounced  eeynms tr  y  'suggest e  s  Brelt- 
Wlgnsr-Vano  type  of  entl-resoneace.  the  solid  linns  la  Tig.  3  represent  i  Lorent- 
slsn  amltlpllad  by  an  natlranonaacs  factor  suparlapoeed  on  n  linear  lacitgrouad. 

Such  an  sapiaaeliiii  ^enulte  when  there  is  flrst-order  inmen  coupllng  bothto  the 

..  *  J-ffi :  ,1  ,  1/  .  .  J  I  .  i  .  .  . 


believed  to 


to  s,  together  with  bilinear 


,  having  a  spactra  proportional 

__  • 
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A  unified  microscopic  theory  of  ell  these  effects  has  been  presented3,7,  starting 
with  laws beta's  Greens  function  formulism  for  Raman  scattering.**  One  must  calculate 
essentially  the  Imaginary  part  of  an  Irreducible  four-vertex  function.  Examples  are 
shown  In  Fig.  4.  The  incident  photon  enters  at  vertices  1  and  4  and  leaves  at  2  and 


3.  Final  state  "cuts"  are  taken  through  the  central 
region  of  the  diagrams.  Diagram  (a)  gives  interband 
electronic  scattering  if  a  j*  c.  We  believe  that  such 
processes  are  responsible  for  the  broad  Raman  con¬ 
tinuum  seen  in  essentially  all  transition  metals.  A 
cut  through  the  phonon  line  in  Diagram  (b)  gives  a 
dressed  1-phonon  final  state,  Cuts  through  (c,a)  or 
<c',a')  in  Diagram  (b)  give  electron-hole-pair  final 
states  that  will  interfere  with  Diagram  (a)  to  produce 
a  Brelt-Wlgner-Fano  antiresonance. 7  In  the  case  of 
VjSi  and  other  A15  compounds,  the  important  contribu¬ 
tions  to  bands  (a,c)  and  («' ,c')  result  when  these 


^  bands  arise  from  the  point,  very  close  to  the 

- 1~  —  I  1  Fermi  energy.10 

.  *  A  cut  through  both  phonon  lines  in  Diagram  (c)  gives 

I  -v  \  4 *  ;:i 

/ -  3  2-phdnon  Raman  scattering  that  leads  to  Eq.  (1),  if, 

/  4.,  \ 

'  as  expected,  large  intermediate  skate  damping  prevents 
(c)  /  '  strong  resonance  Raman  enhancements . 3  Other  final 

states  and  Fano  resonances  are  possible,  but  will  be 
t#I  la*e  important  because  of  ties  width  of  2-pbonon  bands. 

lines,  electros;  ddshed  / 
lines,  photons;  Wiggly  lines 
dressed  phonons,  (kefs.  3,7,8) 

This  work  w»»  Supported  t^jgsi  ^  through  the  URL  grant  SHR-80-20250. 
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LATTICE  DYNAMICS  OF  YAI2  AMD  LaAl2  -  A  FURTHER  CONTRIBUTION  TO  THE 
La-Y  PUZZLE 

C.T.  Yah*,  N.  Reichardt,  B.  Ranker,  N.  Mucker  and  M.  Loswsnhaupt* * 

Kemforeohungeaentrum  Karlsruhe,  Inetitut  fUr  Angewandte  Kemphyeik  I,  D-7BOO 
Karlsruhe,  Poetfaoh  2840 ,  F.R.G. 

** Inetitut  fllr  FeetkOrperforeahung,  Kemforeohungeanlage  Jtiliah ,  D-S170  JUlich, 
F.R.G. 

Aba tract.-  By  aaans  «£  inelastic  -neutron  scattering  w  have  Measured  the 
phonon  dispersion  curves  in  the  main  symmetry  directions  of  the  cubic  Laves 
phases  YAl,  and  LaAl^ .  The  phonon  frequencies  in  LaAl,  are  considerably 
softer  than  those  of  YAl,  which  cannot  be  explained  solely  by  the  different 
atomic  masses  of  La  and  T.  The  experimental  dispersion  curves  Are  well  de¬ 
scribed  by  axially  symmetric  Born  v.  Kkrmkn  models  taking  into  account  inter¬ 
actions  up  to  the  fifth  nearest  neighbors .  Prom  this  analysis  we  find  that 
the  nearest  neighbor  Al-Al  and  TH-TM  longitudinal  force-constants  of  YAl,  are 
about  twice  those  of  LaAl^  whereas  the  TM-A1  interactions  are  nearly  equal. 

YAl2  and  LaAlj  belong  to  the  group  of  cubic  Laves-phaaes  of  type  AB^.  in  this  struc¬ 
ture  the  A-atens  form  a  diamond  lattice.  The  remaining  tetrahedral  sides  are  occu¬ 
pied  by  regular  tetrahedra  of  the  B-atoma.  The  Bra vain  lattice  is  PCC,  the  primitive 
cell  contains  6  atoms.  Today  more  than  150  representatives  of  this  structure  are 
known,  about  35  of  which  are  stqmrconducting .  The  motivations  tox  our  studies  of  YAlj 
and  laAl2  are  twofold:  On  one  hand  we  want  to  have  a  better  understanding  of  the  lat¬ 
tice  dynasties  Of  such  a  common  structure?  on  the  other  hand  it  is  of  interest  that 
LaAlg  has  a  superconducting  transition  temperature  of  3.2k  whereas  YAl^  is  non  super¬ 
conducting  at  least  down  to  0.34K*.  Decently  relations  between  superconducting  and 
lattice  dynamical  properties  have  been  studied  for  two  other  pairs  of  compounds: 
YB6(Tc-7.lK)-taB6(tc-.45R)2  and  YS (*c»2 .8k) -laS (Tc« . MK) 3 '* .  Note  that  in  those  oases 
the  Y  compounds  have  the  higher  values .  Par  YB^  the  high  Tc  is  correlated  with  a 

strong  reduction  of  the  translational 

...  I  -  '  . 

phonon  frequencies  Compared  with  LaBg 
whereas  for  YS  and  LaS  almost  ldsntical 
dynamical  foress  have  been  found. 
Calorinatric  measurements5  and  investi¬ 
gations  of  the  elastic  constants*  have 
thema,  that  the  Debye  temperature  of 
£aAl2  behaves  anomalously  compared  to 
Cfhltr  related  noneupercondacting  coat- 
poddds  tsiae  table  i).  After  oorrecting 
the  experimental  ^-velnes  for  their  de- 
p  an  denes  on  the  molecular  masses  almost 
Identical  values  are  obtained  for  YAlJ( 
addraae  t  Institute  of  Atomic  Rearer,  Arsdseia  Siaica,  Peking,  China 
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Fig.  1  Phonon  dispersion  carves  of  YAlt  and  LaAlj  at  296k.  Full  curves  were  calcu¬ 
lated  with  10  par  saw  tar  BvK  models.  For  aoew  r  point  frequencies  the  corre¬ 
sponding  vibrational  sodas  are  indicated.  The  curves  to  the  right  were  cal¬ 
culated  with  the  par aae tars  of  YMi  using  the  atomic  aass  of  La. 

GdAlj  and  LuAlj  whereas  the  values  for  LaAlg  axe  considerably  lower, 
we  performed  eeasureawnts  of  both  the  phonon  densities  of  states  and  the  phonon  dis¬ 
persion  curves  of  YAl^  and  UAl^  at  the  Karlsruhe  research  reactor  FR2  by  swans  of 
inelastic  neutron  scattering.  Fig.  1  shows  the  dispersion  curves  of  YAlj  end  LaAlj 
st  in  the  three  siln  sysswtry  directions.  The  full  curves  were  calculated  with 
a  1.0  parses  ter  axially  syewstric  Born  v.  KArmAn  nodal  fitted  to  the  experimental 
date.  The  dashes  lines  indicate  the  slopes  of  the  acoustic  branches  at  the  r  point 

as  calculated  from  the  elastic  constants^.  The  dispersion  curves  for  tbs  [loo]  di- 

/  ! 

recti  on  on  the  right  side  of  Fig.  1  have  been  calculated  with  the  model  parameters 
of  YJUa  out  using  the  atomic  mass  of  La.  By  comparing  this  set  of  dispersion  curves 
with  the  corresponding  experimental  data  of  LeAl^  “trivial"  affects  caused  by  the 
different  atomic  masses  of  Y  and  La  are  eliminated.  Besides  the  torsional  mods  at 
24  mev  all  branches  of  LaAl^  are  considerably  lower. 

Quantitative  information  about  tba  interactions  can  be  obtained  from  the  parameters 
of  the  Bom  v.  KArmAn  models  which  are  listed  in  Table  2.  The  three  longitudinal 
force-constants  of  the  nearest  neighbor  interactions  of  Al-Al,  Me-Al,  m-M  (Ne*T, 
la),  respectively  are  dominant.  They  largely  date  rains  the  positions  dt  the  various 
phonon  branches.  For  Y*lj  the  force -oons tents  for  the  Al-Al  and  Y-Y  Interactions  are 
about  twice  am  large  as  the  nnrreapoaiUny  values  of  LaAlj.  m  oon trust  the  m~JU 
f otoe -constants  ere  about  equal  for  the  too  compounds.  The  Table  gives  also  the  in- ( 
third  menant  of  da  phonon  danaities  of  states  calculated  from  the  models. 
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INTBR- 

RCTIOM 

r/*o 

LaU, 

yu2 

u-*i 

7531$ 

F 

15221 

25 117 

G 

990 

119 

Na-Al 

.4146 

F 

10669 

11289 

G 

-389 

267 

MS-MS 

.4330 

F 

10230 

22666 

G 

2149 

1131 

U-M 

.6124 

F 

1932 

1360 

G 

-65 

126 

Ms-U 

.6494 

F 

3358 

3374 

G 

279 

422 

e_3(3O0K)  model 

372 

493 

9_a(3O0R)el.  const. 

369 

475 

9_3(0)  spec,  heat 

352 

473 

Table  2 i  Force-constants  tin  dyn/cm] 
of  axially  s yarn*  trie  Born  v. 
Kirmin  models  for  LaU,  and 


Fig. 2  Generalized  phonon  density  of 
states  detemined  frost  neutron 
scattering  experiments  and  front 
models  fitted  to  the  experimental 
dispersion  curves. 


They  agree  veil  with  those  values  obtained  front  the  elastic  constants.  The  compari¬ 
son  with  the  Debye  temperatures  from  calorimetric  measurements  seems  to  indicate  that 
the  phonon  densities  of  states  do  not  Change  much  between  OR  and  300K.  However,  dis¬ 
crepancies  exist  between  the  calculated  and  experimental  specific  heats  in  the  tem¬ 
perature  range  between  5  and  20R  which  might  he  explained  by  a  pi  .on  on  softening  out¬ 
side  the  elastic  region  at  low  temperatures.  In  Fig.  2  we  compare  the  generalized 
phonon  densities  «f  states  calculated  from  our  models  with  those  determined  from 
scattering  law  measurements  using  powder  samples .  From  recent  bandxtruc'ture  calcula¬ 
tions  of  Heeegsms  and  Vamaae7  we  mset  conclude  that  the  anomalously  soft  phonon 


spectrum  of  laXlj  is  not  caused  by  the  influence  of  t-electrons .  The  f-bands  of  LaU, 
lie  abemt  3  ev  above  the  Fermi  energy  \  end  the  f'ccmponents  in  the  electron  states 


near  *y  are  less  than  10%. 


Balow  «_  the  baiirfatsrtictures  of  Uhl, 

F  4 


YU,  are  very 


similar,  only  close  to  there  ere  acme  differences  which  according  to  these  authors 
are  oeuemd  by  a  stronger  p-d,  hybeidieetisn  in  the  ease  of  LnU, .  whether  these  dif- 
fersncee  account  fb*  the  opcuxance  of  supewandoctivity  and  explain  tha  rathar  soft 
phonon  spectrme  of  LaUj  eerow*  be  answered  at  : 

B.W.  Roberts,  j.Fhya.Chem.  Wf. 
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THE  PHONON  SPECTRUM  EMITTED  BY  SUPERCONDUCTING  Sn  TUNNEL  JUNCTIONS 


P.  Berberich  and  H.  Kinder 

Phyeik-Department,  Teohniaohe  Univerait&t  MUnohen,  D-8048  Garohing,  P.R.G 


Abstract.  -  The  phonon  spectra  emitted  by  superconducting  tunnel  junctions 
were  directly  analysed  with  high  resolution  using  tunable  acceptor  states  of 
B  in  Si  as  a  spectrometer.  A  consistent  and  detailed  experimental  picture  of 
the  different  parts  of  the  spectra  under  various  injection  conditions  was 
obtained  for  the  first  time. 


Tunnel  injection  of  electrons  into  superconductors  leads  to  energetic  quasipar¬ 
ticles  which  relax  by  phonon  emission.  This  is  not  only  a  subject  of  the  growing 
field  of  "nonequilibrium  superconductivity"/ 1/  but  particularly  also  the  basis  for 
phonon  apectroscopy/2/.  There  was  a  lot  of  indirect  evidence  for  various  parts  of 
the  emitted  phonon  spec tram/ 3/4/,  and  there  ware  two  attempts  of' direct  spectral  an¬ 
alysis/5/6/.  But  the  information  obtained  to  date  was  only  qualitative. 

In  this  paper  we  present  the  first  quantitative  measurements  of  the  .ihonon  spec¬ 
tra  of  superconducting  junctions,  revealing  the  shape  of  the  recombination  peak,  the 
contribution  of  direct  rccoa^ination.  the  "bremsatrafhlung"  at  "relaxation"  phonons 
and  their  reabsorption  at  <ffw>2A,and  a  "background"  which  was  not  yet  directly 
observed. 

For  the  spectral  analysis,  we  used  the  technique  of  "burning  a  hole"  by  reason- 
ance  scattering  into  the  spectrum  of  the  emitted  phonons  on  their  why  to  the  detec¬ 
tor/7/5/  .  Stress  tuned  boron  acceptors  in  silicon  were  used  as  resonant  scatterers 
for  the  first  time.  These  have  several  advantages  over  previous  systems,  e.g. 

Ge:Sb  /5/i  (i)  Silicon  am  the  hast  material  is  known  to  be  "transparent**  for  ball¬ 
istic  phonons  up  to  very  high  frequencies ;  (ii)  Che  acceptor  state  has  no  "chemical 
shift",  forming  a  true  2-level-system  that  splits  strictly  proportional  to  the 
applied  uniaxial  stress;  <iii)  we  observe  simple  first  order  scattering  which  Sllbws 
a  quantitative  interpretation  of  the  results;  (iv)  the  frequency  resolution  was  in-, 
proved  by  a  factor  of  10. 

A  Si  crystal/8/  of  dimensions  2.5x4x15  mm*,  containing  5x10  cm  B  waa  used  as 
the  spectrometer.  A  Sm-oxide-Sa  generator  junction  was  evaporated  on  one  4x15  side, 
mi  Al-oxide-Al  detector  junction  on  the  opposite  side.  The  phonon  path  was  ip  £4TqJ  . 
direction.  Uniaxial  stress  was  applied  perpendicularly,  in  (11l|  direction,  and  was 
monitored  by  a  Kistler  cell/9/.  The  apparatus  for  pressure  generation  wS*  described 
by  Bridges  and  Zoller/10/.  The  sample  was  immersed  in  liquid  helium  at  1.0  K. 

In  all  experiments  shown  here  we  studied  the  "differential  spectrum**  of  the  Sn- 
j  unction  which  was  gamers  tad  in  the  usual  way/2/  hy  sawil  phlses  SWpetimpOsed  t»  the 
dc  bias  voltage.  The  spe? trim*. was  kept  constant  whil*  tbs.  resonance  frequupg*  qf I  the 
acceptors  was  swept  by  stress.  Only  the  fast  transverse  phonon  pulse  was  detected 
because  of  phones  foemsiig.  In  ttg.lt  thr  height  of  this  pwM»  i*  •been  te  *  fmBetidn 
of  stress  at  various  bias  voltages,  as. indicated.  Generally,  the  signal  ia, constant 
at  leu  pressures ,  and  than  dips  down  because  the  phonons  of  the  corresponding  fre¬ 
quencies  ex*  being  scatter##  suey  Mt  tleir  path  Into  the  detec  tor .  gVonteSlly  the 
signal  recovers  *aa  the  splitting  hocames  larger  than  any  phonon  fragugnoy.  ;>t.M 

Interaatingly,  the  signel  has  exactly  the  seme  height  et  large  splitting  and  at 
snro  splitting  (erne  dashed  lines)  in  ell  ear  experiments.  At  sere  splitting,  hence. 
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there  is  also  no  scattering.  This  is  in  marked  contrast  to  donors/5/.  We  conclude 
that  higher  order  processes  are  insignificant  here/11/,  so  that  the  scattering  can 
be  8 imply  described  by  first  order  resonant  scattering  according  to  the  golden 
rule/12/: 

1  <B,o)  -  N^-IPE  g(E-Dc)  (1) 

for  kT«E,  where  1  is  the  phonon  mean  free  path,  N  the  acceptor  concentration,  E  the 
phonon  energy,  p  the  density,  v  the  sound  velocity,  M*  the  coupling  constant,  and 
g(E-Do)  the  normalised  line  shape  function  whose  center  frequency  is  given  by  stress 
o  times  deformation  potential  D.  For  1  greater  than  the  crystal  length,  the  signal 
change  ia  proportional  to  n(E) l-* (E-Do)  where  n(E)  is  the  emitted  phonon  power  spec¬ 
trum,  provided  the  detector  signal  is  proportional  to  the  incident  power /9/.  There¬ 
fore,  the  deviation  of  the  signal  from  1002  is  essentially  a  direct  measure  of  the 
spectrum,  weighed  by  the  factor  E  from  (1). 

Trace  (a)  shows  the  differential  emission  spectrum  of  a  Sn  junction 
(1b  z  1mm  x.4pm;  Roo”20m  ft)  biased  at  the  gap  voltage  1.19  mV.  There  is  a  pronounced 
peak  in  the  spectrum  corresponding  to  2A-phonons/3/.  This  peak  is  not  synaetric  but 
has  a  tail  to  higher  frequencies.  The  tail  can  be  fitted  by  the  "extended  T*  model" 
of  Chang,  Lai  and  Scalapino/13/  by  using  T*«1 . 1  K  (dashed  curve)  while  the  bath  was 
at  Ta-1 .0  K.  The  rounding  of  He  peak  at  the  low  frequency  side  is  merely  due  to  the 
spectrometer  resolution.  There  is  also  a  broad  background  of  phonons  with  lower  fre¬ 
quencies  which  will  be  discussed  below. 


PHONON  ENERGY  E  (meVI 


.-I*  •  . 
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Id  trace  (b) ,  the  bias  was  increased  to  1.4  mV.  The  differential  spectrum  now 
clearly  reveals  an  additional  peak  (arrow)  corresponding  to  -ffw~eV.  These  phonons 
arise  from  direct  recombination  of  the  injected  quasiparticles  at  E-eV-A  with  thermal 
ones  (E»A) / 1 4 / .  The  peak  is  even  predominant  in  trace  (c)  which  was  obtained  from  a 
similar  junction  with  a  lower  resistance  Rco-3.6111  ft.  The  increased  injection  leads  in 
this  case  to  an  increased  steady  state  number  of  quasiparticles,  making  the  recombin¬ 
ation  more  probable/15/  than  the  down  scattering  to  the  gap  edge  ("relaxation") .  The 
background  of  low  frequency  phonons  is  enhanced  in  traces  (b)  and  (c)  and  therefore 
reflects  very  clearly  the  cutoff  of  the  detector  sensitivity  below  the  gap  2AQ. 

The  traces  (d),  (e) ,  and  (f)  were  obtained  from  the  first  junction  (Ra>~20m  Cl)  at 
1.6  mV,  1.8  mV,  and  2  mV,  respectively.  The  recombination  phonon  peak  is  obviously 
shifted  back  to  2A.  This  shows  that  the  relaxation  of  quasiparticles  at  higher  ener¬ 
gies  is  faster  than  the  direct  recombination.  Only  T*-1.5  K  is  now  somewhat  in¬ 
creased.  As  the  result  of  the  fast  relaxation,  the  "bremsstrahlung”  peaks/2/  at  eV-2A 
have  appeared.  Their  apparently  increasing  strength  is  due  to  the  spectrometer  weight 
factor  E  in  (1).  The  width  of  the  peaks  is  mainly  determined  by  the  spectrometer 
width  which  is  increasing  with  stress  due- to  stress  inhomogeneity /9/.  From  the  pos¬ 
ition  of  the  bremsstrahlung  peaks  we  get  an  accurate  calibration  of  the  stress  scale 
which  is  indicated  on  top  of  Fig.1.  Traces  (g)  and  (h)  were  taken  at  2.4  mV  and 
2.9  mV.  Clearly  the  bremsstrahlung  peak  is  now  adding  to  the  2A-peak,  revealing  the 
reabsorption  of  the  bremsstrahlung  phonons  at  -ftiJ>2A.  However,  T*  has  increased  to 
1.6  K  and  1.7  K,  respectively. 

Whenever  there  are  quasiparticles  in  states  well  above  the  gap,  the  background 
of  low  frequency  phonons  is  markedly  enhanced.  This  can  be  seen  from  traces  (b),  (c) 
and  particularly  (h)  in  comparison  with  (g).  This  corresponds  to  black  body  radiation 
of  these  "hot"  quasiparticles/ 13/.  However,  there  is  also  some  background  in  trace 
(a)  where  the  quasiparticles  are  "cold".  By  changing  the  evaporation  conditions  (less 
clean/9/)  we  were  able  to  enhance  this  background  of  the  "cold"  junction  appreciably, 
as  shown  in  trace  (i)  for  a  junction  with  otherwise  similar  specifications  as  that  of 
trace  (a).  This  background  may  be  related  to  the  loss  mechanism  postulated  by  Trumpp 
and  Eisenmenger/16/  from  a  discrepancy  of  the  calculated  and  observed  2A-phonon  yield 
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THE  LOCAL  PHONON  DENSITY  OF  STATES  AND  ITS  INFLUENCE  ON  SUPERCONDUCTING 
PROPERTIES 
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Abstract.  It  here  cal  evicted  the  local  phonon  density  of  state  id  local 
electron  phonon  coupling  parameters  for  e  thin  natal  filn  backed  -  a  seni- 
infinite  natal  ankatrato,  saint  the  Montroll-Fotts  nodal.  fa  find  t  only  a 
■nail  anhanoanant  of  the  local  electron  phonon  coupling  in  tha  1  can  ba 
prodseed  by  the  coapl lag  of  tha  filn  lattioa  to  the  anbatrata.  Qua  - tively, 
the  local  danaity  of  atataa  in  tha  thin  filn  ie  like  that  of  the  iac  <  filn, 
except  for  none  anaariaj  of  sharp  atrnctnre,  and  a  general  dowuwi  *t  in 
frequency  of  tha  (rose  foatnraa. 


In  this  paper,  va  will  consider  tha  effect  of  a  aani-inf inite  filn  (S)  on  tha 
looal  phonon  danaity  of  states  in  a  thin  (21  layers)  filn  (T>.  and  determine  whether 
S  can  thereby  inflnenee  the  el eotr on-phonon  interaction  (RPI)  in  T.  Only  the  ease 
for  which  S  and  T  are  pood  natal  a  will  be  eonaidered. 

The  el eotr on- phonon  coupling  strength  is  neasmred  by  the  MoNillaa  par  ana ter1 

X  ■  lfaJ(e>Ke)/e  (1) 

*  © 

% 

where  n  (e)  is  a  convolution  of  the  eleotros  band  density  of  states  and  the  square 
of  in  natria  eleneata,  and  F(n)  is  the  phonon  density  of  atataa.  One  can  ainilarly 
define  a  looal  strength  peruneter  for  the  a1*  layer  of  a  natal  filn 

Si  "  n2(e,n)P(e,n)/e  (2) 

In  this  papa*  »•  aidll  focus  an  the  local  phonon  density  of  states  for  the  ntk  layer 
of  natal  filn  T,  Pfin.n) .  In  order  to  determine  the  affect  of  ehangea  in  Xfla.a)  on 
the  local  VI  coapl  lag.  wo  shall  approzinate  a2(n,n)  by  a  frequency  independent 
perane ter  a2 

Beoanse  of  the  locality  of  the  screened  VI  and  Cenlcnb  interaction,  one  can  also 
define  a  local  pair  potential  in  tha  thin  filn. as  the  ratto  AT(<s,n)>d^(«,u)/2T(u.a) 
where  tp(e.m)  ia  the  pairing  self  energy  and  ZfU.n)  is  the  renornal  iaation  function 
in  T.  oaoh  depending  on  the  looal  a£Pf(«.a)  .* 

Per  ainplieity,  wo  have  adapted  the  letgolMNtti  nodal*  foe  the  phone ne.  Ve 
have  further  aaeuned  that  both  t  and  T  lattieoa  are  binplb  cable  with  equal  lattice 
*e  loMdooa  ore  rltpned,  with  unffM  porpdndfbnlor  to  the 

»'  •  -  i  ■»  i .  f .  i* 
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[100]  direction.  The  aethod  of  Maradudin  end  Wallis,4  ae  applied  by  Dobryznski  and 
Mills*  then  allows  the  exact  phonon  Green’s  fraction  in  T  to  be  calculated.  The 
effective  spring  constant  of  the  interface  plane  is  K,  and  the  spring  constants  for 
S  and  T  are  Kg  and  Kj.  We  define  an  effective  coupling  parameter  y  *  K  / (KgKj.) . 
The  ratio  of  the  aaxiaum  phonon  frequency  in  T  to  that  in  S  is  denoted  by  K. 

The  results  for  the  transaisaion  coefficient,  It  I2,  for  phonons  normally  incident 
froa  T  is  shown  in  figure  (1),  One  can  show  analytically  that  |tl2  is  a  aaxiaua  for 
any  a  when  y«l .  Phonons  of  all  frequencies  in  T  can  be  transaitted  to  S  only  if 
the  aaxiara  phonon  frequency  in  T  is  less  than  that  in  S,  i.e.,  R<1. 


Pig.  1.  Transmission  coefficient 
|t|2  vs.  frequency  for  an  inter¬ 
face  between  two  materials  with 
various  values  of  coupling,  Y- 
The  dashed  curves  are  for  R**3, 
the  solid  curves  are  for  R”. 30. 
The  frequency  ajj-  UKt/Mt)  ^2»  1*T 
being  the  atom  mass  for  T. 


U)/U)y 


In  figure  (2)  we  compare  the  total  density  of  states  in  *'ulk  T  aaterial  to  that 
in  am  isolated  (  yOT  metal  fila.  In  general,  a^(e)  is  shifted  down  in  frequency 
for  the  bulk  (  H,  R”l)  case,  but,  even  so,  af(l/2s^)*.(40  for  the  isolated  fila, 
.(43  for  the  bulk  aetal,  a  negligible  difference. 


td/b)T 


Fig.  2.  Total  density  of  states 
for  bulk  T  material  (dashed  line) 
cosq>ared  with  same  for  21  layer 
fila  of  T  aaterial  (solid  line) . 


Ia  figure  (I)  me  onagers  the  density  of  states  in  T  for  the  ease  of  week 

traasaissioa  (  y«.l,  ►3)  to  that  for  optimal  transaisaion  (  y-1,  *».3).  The  ST 
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interface  lies  between  tha  layers  a»-l  a  ad  n~0 . 


CJ/WT 


Fig.  3.  Local  density  of  states  for  ft*.  3  (solid  lines')  cospared  to  ease  for  Ba3 
(dashed  lines). 


For  opt lasl  coapliag  of  f  sad  T  *a  f isd  local  EFI  parameters 
AaS*r(Xe/loB)“-649  (*^°>  >  .*44C«rt|,  .<44(v4) .  For  weak  ST  coapliag  A  *-.623(m-0) , 
.i  39(sf1),  .((Kart).  Tha  diffaraaaa  is  gras  t  a  at  at  tha  ST  interface,  rapidly 

diminishing  as  oas  nowes  away  into  T. 

Thoss  raamlta  show  that  tha  local  pair  potential  in  T  will  haws 
a —raw  da  as  ads  mas  which  is  gaits  diffarsnt  fron  tha  bnlh  T  dependence,  hot  waxy 
nech  like  that  predicted  for  tha  laolatad  I  natal  filn  azeept  for  downward  shifts  la 
freqaeacy  sad  aoea  anaaring  of  peaks.  In  addition,  the  local  energy  gap  waive 
(dstazmiaad  by  1^  and  n*)  will  differ  aagliglhly  fron  its  wains  for  tile  isolated 
filn.  That,  owes  andar  optiaal  conditions,  the  oeapllag  be  tween  the  T  lattice  and 
tha  S  lattice  prow  idea  little  cahaaceneat  of  local  snpsreoadaetiag  properties  in  a  T 
natal  filn  of  this  thickness  (21  layers).  Vo  haws  also  war if lad  this  oeaelasioa  for 
a  T  natal  filn  consisting  of  only  fear  atonic  layers,  where  we  haws  foend  that 
Aa-.<4«<»*0).  .441  (sfI)  ,  .43»(n-2>,  .(22(w-i) . 
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PHONON  DISPERSION  AND  THERMOPHYSICAL  PROPERTIES  OF  SODIUM 


O.P.  Gupta 

Physios  Department,  J.  Christian  College,  Allahabad,  India. 


Abstract An  equilibrium  condition,  which  preserves  the  crystal 
stability ,  is  derived.  This  condition  in  conjunction  with  recent 
dynamical  model  is  employed  to  study  the  phonon  dispersion  and 
thermophysical  properties  of  Na.  The  theoretical  results  are  in 
good  agreement  with  the  experimental  values. 


1 •  introduction.-  Sodium  is  bel ieved  to  represent  in  many  respects  the 
prototype  of  a  free  electron  metal.  The  experimental  results  on  elastic 
const  ant  s  tl,  2^  and  their  pressure  derivative  s£l ,  3-^  ,  specific  heat(6-l^ 
Debye-waller  luw)  factor  QiJ  ,  and  thermal  expansion  0-*  4»  12-14)  can  be 
used  to  test  the  reasonableness  of  the  interpretation  in  terms  of  the 
free  electron  model  of  Na.  In  the  present  paper,  we  report  the  phonon 
dispersion,  and  temperature  dependence  of  Debye  temperature  0  ,  DW 
factor,  and  G rune isen  parameter Y of  Na  on  the  basis  of  recent  dynamical 
model  in  conjunction  with  an  equilibrium  condition.  The  condition, 

which  preserves  the  crystal  stability,  is  derived  by  considering  Fermi, 
exchange,  and  correlation  energy  of  conduction  electrons. 

2.  Model.-  For  equilibrium,  the  first  derivative  of  the  potential  ene¬ 
rgy  E  (  =  E*  +  E*)  of  the  crystal  must  vanish,  i.e., 

(dEVd/lIg  -  P*  =  0,  where  -Pe  =  <SEB/d&,  U) 

where -Q.  is  crystal  volume,  Pe  the  electron  pressure,  K*  the  potential 
energy  due  to  ion— ion  interaction,  and  E  the  electron  energy.  The 
Fermi,  exchange,  and  correlation  lj§}  pasts  of  Ke  can  be  written  as  t 

E*.  (2.Z1  Z2^3 ( rQ  /ao)“2-  0.9*16  Z1/3(ro  /ao)-1+  0.622  ln(rQ  /ao  Z1/3j 

-  0.096}  ( 

The  equilibrium  condition  Eqn.(l)  with  the  aid  of  Eqn.(2)  takes  the 

forms  1 

...  .  ZUJJr.  f-  ,  0.622  2-V^J  12) 

X*  ^o  I  (r  /a  )Z  'ro  '  V  ■ 

k.  O  O 

v  *  1 

where  a  is  the  Bohr  radius,  c  the  chemical  valence#  the  inter 
electron  spacing,  and  WjfJ  -  1,2>  iare  tangential  pair  jxstenEial  force 
constants,  ioluticn  of  Eqns.  '(12-15  3)  determine  the  unknown  force 
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constants  in  terms  of  elastic  constants  and  one  ZB  frequency. 

3.  Numerical  Computation.-  Experimental  values  of  and  other  para¬ 
meters  at  9o  K  used  in  calculations  ares  c,,-  0.808,  C, 0.664,  C..= 

11  Q  1Z  44 

0.586  (all  in  units  of  lo  dyn  cm  (1J  ,  a  =  4.24  A,  density-1.0014  gm 

cm-3,  i?T(loo)=3.S8  THz&il  .  and  (m*/™)  =  1.0  £€  .  The  calculated  values 
of  the  force  constants  ares  A,=  2.792,  B  =  -1.923,  A_=  0.021, B,-  -5.301, 
and  aKe  —  11.588  (all  in  units  of  lo  dyn  cm"’/.  The  phonon  dispersion, 
lattice  specific  heat,  and  dw  factor  are  calculated  as  usual  [is]  .  To 
calculate^  ,  we  follow  our  paperQil  •  ln  the  present  scheme  the  four 
parameters  (Aj^  A2,  Bj,  B2)  are  reduced  to  three  (Aj,  Bj,  B2>  by  taking 
a  suitable  ratio  of  A^  /A2  which  gives  a  better  fit  of  phonon  dispers¬ 
ion.  In  the  present  calculations,  we  use  dC^  /dP  values  borrowed 
from  recent  papers  [1,  3-f|  ,  and  temperature  dependent  values  of  C^j  DO 
and  lattice  parameter  {2ql  . 

4.  Results  and  Discussion.-  We  display  our  theoretical  results  for 
phonon  dispersion  alongwith  the  experimental  values  £l7]  in  Fig.  1.  The 
agreement  between  theory  and  experiment  is  very  good. Lattice  specific 


ink 
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Fig. 1: Phonon  dispersion  curves  of 
Na  along  the  symmetry  directions. 


Fig. 2s  Debye  temperature  of  Na 
as  a  function  of  tenperature. 

heat  extracted  from  experiments 
j6-loJ  and  our  theoretical  results 
are  converted  in  These  are 
plotted  in  Fig.  2.  The  theory 
exhibits  good  agreement  with  the  experi¬ 
ments  down  to  lo  K.  The  various  measure¬ 
ments  are  not  very  concordant  with  one 
another.  Crystallographic  transforma¬ 
tion  {^1,2  3  from  bcc  to  hep  lattice 
phase  around  35  K  causes  uncertainty  in 
the  experimental  measurements  and 
affects  our  corps ri son.  In  Fig.  3,  the 
calculated  DW  factors  alongwith  the 
experimental  points  of  Dawtonflf)  are 
shown.  The  agreement  between  theory  and 
Fig. 3:  dw  factor  of  Na  experiment  is  good.  Fig.  4  exhibits  the 

as  a  function  of  temperature,  calculated  values  of Talongwith  the 
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Fig. 4:  Griineisen  parameter  of  Na 
as  a  function  of  temperature. 


, _ , _ , _  values  derived  from  the  experimental 

«■  measurements  of  thermal  expansion 

°°°  4,12-13  and  specific  heat{j$l 

--£ZZZ data.  It  IS  show  from  the  Fig.  4 
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It  is  disconcerting  to  find  that  how 
mud)  the  theoretical  results  deviate  from  the  esqperimental  points  due 
to  large  scatter  in  experimental  values.  Our  results  corroborate  the 
Barron's  £23]  prediction  that  Y  remains  constant  to  a  few  percent  down 
to  about  ©/3. 

The  present  study  demonstrates  that  the  simple  model  provides  a 
good  overall  understanding  of  phonon  dispersion  and  thermophysical 
properties  of  Na.  References 
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ON  THE  THERMAL  AND  ELECTRICAL  CONDUCTIVITY  OF  VjSi  AND  V5Si3 

#  #  # 
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Abstract.  -  Thermal  conductivity  and  electrical  resistivity  measurements  have 
been  performed  on  V3S1  and  V5S1s  single  crystals.  Thermal  conductivity  anoma¬ 
lies  are  observed  on  both  compounds  and  seem  likely  to  be  related  to  the  re¬ 
sistivity  "saturation*  behaviour  exhibited  by  these  two  compounds. 

Introduction.  -  It  is  known  that  the  electrical  resistivity  of  a  "d"  band  compound 
(transition  elements  and  their  alloys) deviates  from  linearity  at  high  temperature 
exhibiting  a  negative  curvature. 

Several  Interpretations  as  anharmoniclty,  Fermi  Smearing,  T  dependent  band 
structure,  phonon  Ineffectiveness  etc.  (1)  were  proposed  to  explain  such  a  behaviour. 

In  this  paper  we  report  and  discuss  results  of  the  electrical  and  the  .thermal 
conductivity  measurements  performed  on  two  extremely  different  compounds  belonging 
to  the  Vanadium-Silicon  system  :  V3S1,  an  A15  compound,  with  a  high  superconductivity 
temperature  (Tc  *•  17  K)  and  V5Si3  which  Is  normal  down  to  0.2  K. 

Finally  a  correlation  between  these  two  transport  properties  Is  outlined  for 
these  compounds. 

Experimental  results.  -  Figure  1  shows  the  resistivity  of  V3SI  and  V5S13  as  a  func¬ 
tion  of  temperature,  both  of  these  curves  displaying  the  classical  saturation  pheno¬ 
menon.  The  temperatures  where  a  change  of  curvature  can  be  observed,  are  respective¬ 
ly  82  K  for  V,S1  and  130  K  far  V5SI3. 

Recently  It  has  been  shewn  that  the  thermal  conductivity  of  V$S1  (2)  Is  main¬ 
ly  due  to  the  electrons  (Fig. 2)  vdiereas  that  of  VsS13  Is  partly  due  to  the  fdidftoYis. 

In  this  later  case  this  dependence  appears  clearly  by  plotting  K.p/T  as  a  function 
of  T  (Fig. 3)  and  shews  that  the  contrlbutloh  of  the  phonons  which  reaches  a  maximum 
at  20  K,  Is  Important  around  this  temperature.  In  fact  It  appears  difficult  in  the 
case  of  VjSI  3  to  separate  quantitatively  the  two  contributions  of  electrons  and  pho¬ 
nons  and  one  has  to  consider  qualitative  argmaentf  In  this  particular  case.  The  ther¬ 
mal  conductivity  goes  through  a  minimum  for  V3SI  (Fig. 2)  Ilka  Por  V5SI3  (Fig. 4).  In 
the  case  of  Vg$i  the  temperature  of  this  mlnlmam  TH  is  the  seme  as  the  temperature 
of  the  left  etcliih  point  In  the  pPty  curve.  For  ¥5^1*  the  conductivity  due  to  phonons 
decreases  at  high  temperature  because  of  the  occurence  of  enharmonic  and  uaklapp  pro¬ 
cess  and  than  the  Increase  of  K(T)  after  T*  is  essentially  due  to  the  electrons.  More 
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precisely  for  this  compound  the  temperature  Tm  of  the  minimum  of  K(T)  (150  K)  dif¬ 
fers  slightly  from  the  temperature  of  the  Inflexion  point  on  the  resistivity  curve 
(130  K).  This  would  be  a  consequence  of  the  Important  contribution  of  the  phonons 
in  the  thermal  conductivity  for  the  temperature  range  Investigated. 

Discussion.  -  The  semi  classical  treatment  of  Wilson  (3)  Involves  a  minimum  to  oc¬ 
cur  In  the  thermal  conductivity  but  It  Is  likely  that  such  a  treatment  is  not  rea¬ 
listic  for  complex  compounds  as  VsS1  and  V5S13.  Furthermore  the  behaviour  of  the  re¬ 
sistivity  cannot  be  explained  satisfactory  In  the  framework  of  a  semi  classical  the¬ 
ory  of  transport  phenomena.  The  empirical  relation  of  Wiesmann  et  al  (4) 

_1_  ,  — —  L  _  +  — 1—  (parallel  resistor)  takes  Into  account  the  occurence  of 
p  Pi deal  pmax  , 

the  saturation  phenomena  where  — — -  appears  as  an  excess  of  electrical  conducti- 

pmax 

vlty  arising  at  high  temperature.  Similarly  the  Increase  of  the  thermal  conductivi¬ 
ty  after  the  minimum  can  be  understood  as  an  excess  of  thermal  conductivity. 

Correlating  the  simultaneous  Increase  of  both  conductivities,  we  suggest  that 
such  a  behaviour  could  be  explained  by  a  growing  "collectivization"  of  "d"  electrons 
(5)  as  the  temperature  Increases  beyond  TR.  This  phenomenon  could  be  interpreted  as 
a  continuous  delocalization  of  the  "d"  electrons  In  the  conduction  band  leading 
to  an  Increase  of  the  number  of  carriers  contributing  to  the  observed  excess  of  bolh 
conductivities.  For  the  compound  VjSI,  experimental  evidence  of  charge  transfer  and 
Its  redistribution  with  temperature  has  been  obtained  (6).  Such  a  general  process 
can  take  Into  account  the  existence  of  an  Inflexion  point  In  the  resistivity  curve 
of  transition  metals  and  their  alloys  (A15vMb,  V,  La,  Zr2Rh,  V5S13  ,  etc...)  and 
the  above  correlation  appears  to  have  a  general  validity  extending  to  other  systems 
than  those  presently  studied  (7). 

Moreover  In  the  low  temperature  range,  V3S1  and  V5S13  exhibit  a  quite  diffe¬ 
rent  behaviour  :  -  the  resistivity  of  V3S1  behaves  as  p  =  a  +  bT"  with  n  *  2  con- 
trarlly  to  that  of  V5Si3  p  *  c  +  dl»  with  4  <  m  <  5 

-  In  the  case  of  VjSI  the  electrons  are  responsible  of  the  ther¬ 
mal  conductltlty  (2)  whereas  for  V5S13  an  Important  part  of  this  property  Is  due 
to  the  phonon.  These  differences  emphasize  the  Importance  of  a  particular  electron 
phonon  Interaction  related  to  the  occurence  of  superconductivity  In  VjSI. 

Conclusion.  -  It  has  been  shown  that  at  high  temperature  a  correlation  arises  bet¬ 
ween  the  thermal  and  t**  electrical  conductivity  for  the  two  compounds  v3S1  and 
VsSl!.  It  seems  likely  that  such  a  correlation  could  be  extended  to  other  alloys 
based  on  transition  elements.  These  studies  are  In  progress  and  more  details  will 
be  published  elesewhere. 

to  thank  Br  t.SALCf  for  additional  information  on  the 
ts,  F.  NONNIER,  Mrs  COURRIOUR  and  d.A.  FAVRE  for  their 
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Fig.?  -  The  thermal  conductivity 
of  the  V3S1  sample  (MSj  b2)  with 
the  phonon  (Kphs)  and  the  electron 
Kes  contributions. 


Fla. 3  -  The  parameter  fbr  the  sample  F1a.4  -  The  thermal  conductivity  of  the 
V5SI 3  (151A)  showing  the  extrapolation  at  V  5Sl 3  sample  with  the  electron  contrlbu- 
T»oK  which  gives  the  Lbrentz  number  (In-  tlon  calculated  from  WFCrKe  *  U-T/p..  The 
sera).  phonon  contribution  obeys  the  r* Law  below 

2  1C  (insert). 

+  WFl  *  Wiedemann. Franz  Law 
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A  NEUTRON  INELASTIC  SCATTERING  STUDY  OF  PHONONS  IN  METASTABLE 
BETA-GALLIUM 
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**Groupe  de  Recherche  no.  4  du  C.S.R.S.,  Physique  dee  Liquidee  et  Electrochimie, 
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xpaohbereich  Physik  E21  der  Teohnischen  Universit&t  MUnahen,  8046  Garching, 
F.R.G. 

Abstract . -  The  phonon  dispersion  curves  of  C-centred  monoclinic 
beta-gallium  at  the  melting  temperature  have  been  measured  along 
five  symmetry  directions.  The  behaviour  of  the  lower  longitudin¬ 
ally  polarised  branch  in  the  Ex  (Sx)  direction  suggests  a  desire 
to  double  the  size  of  the  unit  cell.  Initial  model  fitting 
calculations  indicate  that  the  interactions  in  B-Ga  are  of 
reasonably  long  range. 

1.  Experimental  Measurements  and  Results.-  The  phonon  dispersion 
curves  of  the  stable  orthorhombic  a  form  of  Ga  were  measured  earns 
years  ago  by  Re i chard t  et  al  [1]  and  by  tfaeber  [21 .  In  the  presant 
paper  we  discuss  measurements  and  preliminary  calculations  of  phonons 
in  the  metastable  monoclinic  B  modification  of  this  metal .  The  expe¬ 
rimental  details  of  this  work  are  fully  described  elsewhere  [3] .  The 
main  interest  in  B-Ga  stems  from  its  close  structural  and  thermodyn¬ 
amic  similarity  to  amorphous  Ga  and  liguld  Ga. 

Three-axis  spectrometer  measurements  were  made  using  the  XM2  and 
1*8  instruments  at  the  ILL,  Grenoble.  Crystals  were  grown  and 
oriented  in  alts,  using  a  specially  constructed  goniometer  and 
cryostat.  Precautions  were  also  necessary  to  redoes  sheet  and 
vibration,  in  order  to  avoid  accidental  transformation  to  the  stable 
a  phase.  Measurements  wars  node  at  the  melting  temperature,  258. IK, 
in  the  symmetry  directions  5^  (8^) ,  A,  S|(  8f  and  1.  Unusual  dentanse 
of  the  measured  curves  ineluds  tbs  similar  slopes  of  the  three  longit¬ 
udinal  acoustic  branches,  and  the  near  mirror  symmetry  about  (8. $,0,0) 
of  the  lower  longitudinally  polarised  branch  in  the  !x(it)  direction 
(fig.  1) .  This  latter  feature  suggests  a  desire  to  double  tbs  size 
of  the  unit  cell  by  sugprssslsa  of  tbs  C- sent red  lattice  points. 

2.  Calculations . -  Tbs  primitive  emit  soil  suets ins  a  atoms.  Its 
symmetry  implies  tbs  following  relationships  bases an  elamee  the 
dynamieal  matrix  Di  DM  t,ll>-nM<y*2) ,  and  O^tjlD-O^gllH  The 
anhmatrioos  s(jpth)  see  symmetric  end  thaws  dors  real,  in  the  absentee 
of  easy  body  lac ess. 

Za  order  to  simplify  the  aw  del  fitting  oalculations  we  treated 
present  alls ass  *i  iBspartnanl  of  Vhysios,  Ns  Master  University, 
■mantes,  Ontario,  Canada,  L88  4X1 

♦♦Carl  Seles,  Pas tf note  1389/1380,  0-708?.  Oberkochen, 

r.B.a. 
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Pig .1 i  The  three 
longitudinal  bran¬ 
ches,  with  initial 
elopes  in  ms-1.  The 
likely  behaviour  of 
the  low  frequency 
[COO]  branches  for 
C>0.7,  were  they  to 
belong  to  different 
irreducible  repres¬ 
entations,  is  sugg¬ 
ested  by  the  broken 
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the  unit  cell  as  orthorhombic :  this  is  a  reasonable  approach  since  $ 
is  actually  92°,  and  no  new  degeneracies  are  introduced  by  making  it 
90°.  On  the  other  hand,  the  number  of  irreducible  representations  for 
a  given  g  is  in  general  increased.  Within  this  approximation,  B-Ga 
has  the  same  structure  as  e-U  14 J ,  and  the  Submatrices  Q(gkk)  are 
diagonal  (in  the  absence  of  many -body  forces)  for  the  symmetry  direc¬ 
tions  studied. 

Initial  attempts  to  fit  the  parameters  of  simple  two-body  potent¬ 
ials  to  the  experimental  results  were  not  surprisingly  unsuccessful. 
Furthermore,  dispersion  curves  computed  using  real  space  pair 
potentials  derived  from  a  variety  of  paeudopotentials  calculated  for 
gallium  [5,6,7]  show  little  resemblance  to  experiment. 

In  the  axially-syametric  force  model  there  is  a  radial  force  con¬ 
stant  4r(i)  and  a  tangential  force  constant  (i)  for  each  shell  of 
neighbours  i.  Experimental  data  for  the  five  symmetry  directions 
studied,  no  matter  how  precise  or  detailed  they  may  be,  are  insuffi- 
ciently  "orthogonal"  to  determine  all  the  force  constants.  For 
i<13,  eight  of  the  force  constants  linking  atoms  on  the  same  sublatt¬ 
ice  may  be  modified  as  follows:  ♦rft<1>-*4r,t<1)+c»*r,t<3)'**r 
♦_  (10) -C,  *  „(U)*4  ,  '(1D+C/2,  and  six 'of  the  force 

constants  linking  atoms  on  different  sublattices  may  be  modified  as 


follows:  ♦tft(2)-*-#rft(2)+C,»#rft(4)^r>t(4)+C*,4 

(where  C  and  C  are ' independent  and  arbitrary) ,  without  in  any  way  mod* 
ifylng  0.  It  is  therefore  necessary  to  impose  two  arbitrary  constr¬ 
aints,  e.g.  4r(ll)  -  0,  #r(7)  -  0. 

Axial ly-symme trie  force  constant  fits  were  mede  allowing  inter¬ 
actions  out  to  the  13th  shell  of  neighbours ,  over  a  range  of  nearly 
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6A.  With  92  independent  data  points  the  "best  fit"  was  relatively 

2 

poor,  having  a  "goodness  of  fit"  x  of  *  12.  This  is  not  unexpected 
in  view  of  the  low  symmetry  of  the  system:  the  13th  shell  in 
"orthorhombic *  B-Ga  (equivalent  to  the  19th  shell  in  true  monoclinic 
B-Ga)  is  only  2.15  times  more  distant  than  the  nearest  neighbour 
shell.  Also  the  straightness  of  the  longitudinal  acoustic  A  and  Ex 
branches  (fig.  1)  implies  the  existence  of  reasonably  long  range 
forces . 

3.  Discussion.-  The  low  symmetry  and  long  range  of  interaction  in 
B-Ga  suggest  that  a  reciprocal  space  analysis  of  the  forces  could  be 
fruitful.  Alternatively  a  "modified  shell  model"  analysis,  along 
the  lines  of  Crummett  et  al's  [4]  calculations  for  a-U,  may  be 
worth  pursuing.  If  at  all  possible  we  would  like  to  find  a  unified 
description  of  the  forces  in  a-Ga  and  B-Ga,  in  order  to  shed  further 
light  on  the  nature  of  the  interactions  between  atoms  in  the  liquid 
and  amorphous  states  of  this  unusual  but  elusive  metal. 

He  are  grateful  to  Mr.  Mike  Pizsuto  for  his  invaluable  help  with 
the  model  calculations.  This  work  was  supported  in  part  by  the 
Natural  Sciences  and  Engineering  Research  Council  Canada. 
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NUCLEAR  ACOUSTIC  RESONANCE  INVESTIGATIONS  OF  THE  LONGITUDINAL  AND 
TRANSVERSE  ELECTRON-LATTICE  INTERACTION  IN  TRANSITION  METALS  AND  ALLOYS 


V.  Mullet,  G.  Schanz,  E.-J.  Unterhorat  and  D.  Maurer 

Freie  UnivereitSt  Berlin,  Paehbereich  Physik ,  FOnigin-huise-Str. 28-30,  D-IOOO 
Berlin  33,  Germany 

Abstract.-  In  metals  the  conduction  electrons  contribute  significantly  to  the 
"acoustTc-wave- Induced  electric-fleld-gradlent-tensor  (DEFG)  at  the  nuclear 
positions.  Since  nuclear  electric  quadrupole  coupling  to  the  DEFG  Is  sensi¬ 
tive  to  acoustic  shear  nodes  only,  nuclear  acoustic  resonance  (NAR)  Is  a  par¬ 
ticularly  useful  tool  In  studying  the  coupling  of  electrons  to  shear  modes 
without  being  affected  by  volume  dilatations .  By  extending  previous  NAR 
measurements  In  Nb,  No  and  Ta  to  superconducting  alloys  Nbj -xNox  It  will  be 
shown  that  the  combination  of  NAR  experiments  with  high-pressure  MiSssbauer 
isomer-shift  measurements  Is  of  Interest  In  a  deeper  understanding  of  the 
coupling  of  shear  modes  and  volume  dilatations  to  s-  and  d-electrons  in  tran¬ 
sition  metals. 


In  cubic  metals  the  electric  field  gradient  (EFG)  vanishes  at  a  nuclear  site.  In  the 
presence  of  an  acoustic  wave,  however,  the  cubic  point  symmetry  is  destroyed  period¬ 
ically  thereby  giving  rise  to  a  sound-induced  dynamic  electric  field  gradient  (DEFG) 
tensor  whose  components  can  be  measured  in  nuclear  acoustic  resonance  (NAR).  Besides 
fundamental  questions  concerning  the  complex  physics  behind  the  EFG  /I/,  measure¬ 
ments  of  the  DEFG  are  of  particular  Interest  in  studying  the  long-wavelength  elec¬ 
tron-phonon  Interaction  In  transition  metals  since.  In  the  response  of  the  d-elec¬ 
trons  to  acoustic  shear  modes,  multipole  fields  are  set  up  due  to  d-electron  charge 
redistribution,  so  that  the  d-electrons  are  expected  to  contribute  significantly  to 
the  electronic  part  of  the  DEFG. 

At  a  nuclear  site  and  within  the  range  of  linear  response  the  DEFG  tensor  {V^} 
Is  related  to  the  acoustic  strain  tensor  {e^}  by  /2/  S1jklckl  where 

f  Is  the  strain  Induced  electrical  potential  and  {S^^}  Is  the  fourth  rank  "field 
gradient-strain  tensor".  Choosing  a  coordinate  system  having  its  axes  along  the 
principal  axes  of  the  unstrained  cubic  crystal,  the  components  of  the  traceless  de¬ 
fined  DEFG-tensor  «  (V^  -djjTrf/3}  can  be  written  as 

*11  “  (S11*S12)  *11  *  *1j  "  S44  *1j  1  *  i 

where  $n,  S12  and  1^  are  the  three  distinct  components  of  the  S-tensor  (in  Voigt 
notation)  and  efj  »  (e^  -i^Tre/3}  are  the  components  of  the  (in  first  order)  vol¬ 
ume-conserving  "sheer  tensor".  Regarding  that  the  nuclear  electric  quadrupole  In¬ 
teraction  Is  Invariant  against  TrV,  It  follows  Imedlately  that  NAR  investigations 
of  the  electronic  contribution  to  the  DEFG  are  sensitive  to  the  coupling  of  elec- 
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trons  to  shear  nodes  only.  Consequently,  quadrupole  NAR  enables  one  to  study  the 
coupling  of  shear  modes  to  electrons  without  being  affected  by  changes  In  the  elec¬ 
tron  charge  density  caused  by  eventual  volume  deformations  of  the  lattice  unit  cells. 
Confining  ourselves  to  transition  metals  and  applying  the  usual  ansatz 


* 


O  -vjt lattice 


(2) 


where ^latt  Is  the  lattice  contribution,  ym  the  Stemhelmer  antishielding  factor  and 
^§ce  the  conduction  electron  contribution  within  an  atomic  sphere  centered  around  the 
nucleus  under  consideration.  It  follows  from  Eqs.  (1)  and  (2): 

I)  (Sn  -S12)CT  refers  to  the  conduction  electron  response  to  linear  dilatations 
of  the  lattice  unit  cells  (l.e.  angular  distortions  of  the  d-bonds) 

II)  (S44,)ce  refers  to  the  conduction  electron  response  to  angular  dilatations  of 
the  cubic  unit  cells  which  predominantly  are  associated  with  radial  distortions 
of  the  d-bonds . 

Extending  the  theoretical  results  of  Watson  et  al.  /3/  to  the  DEFG  In  transition 
metals  and  neglecting  s-d  transitions,  within  the  frame  of  a  band-orbital  model  /7/, 
we  find  /4/  (also  see  Ref.  (5)) 


1)  r^2  -  (S^  *s^2^ce^l^’Y*^S11  "S12^1att^  shoul<1  **  nogllflblo  small. 

H)  r^  *  ( S44 ) ce/ W -Y„.) ( ) i att^  *  -N(Ef)  7  n0  »  where  Is  the  electron-phonon 
coupling  parameter  as  defined  In  Ref.  (10). 

The  experimental  results  for  No,  Ta,  Rb  arid  ffbggNP^  are  shown  In  Figs,  (la)  and  (1b). 
We  note  that  the  data  of  Fig.  (la)  are  corrected  for  the  actual  values  of  the  elec¬ 
tric  quadrupole  moments  and  partly  differ  from  those  reported  previously  /€/. 


Fff.  1 

a)  Coupling  of  oloctromato  shear 
modes  (o  predicted  data) 


b)  Coupling  of  electrons  to 
voluoo  dilatations 
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The  most  striking  feature  of  these  results  is  that  within  experimental  error  r^ 
proves  to  be  proportional  to  N(E^)  »  Nd(£f)  whereas  r^  seems  to  be  insensitive 
against  N(Ef).  From  Fig.  (la)  we  therefore  may  conclude  that  In  transition  metals 
with  high  densities  of  states  (l.e.  |r12|<|r44|)  the  long-wavelength  electron-pho¬ 
non  interaction  with  shear  modes  is  dominated  by  "compressions"  and  "expansions"  of 
d-electron  bonds  (transverse  electron-lattice  coupling).  Concerning  the  electron 
coupling  to  the  longitudinal  part  of  shear  modes  (i.e.  angular  distortions  of  the  d- 
bonds)  no  conclusions  can  be  drawn  yet.  The  coupling  of  electrons  to  volume  dilata¬ 
tions  Is  reflected  by  (S^  +  2S12)  which,  however,  cannot  be  measured  In  NAR  but  may 
be  derived  /4/  from  high-pressure  MBssbauer  isomer-shifts  measurements  /8/,  /9/. 
Regarding  that  only  s-type  electrons  will  contribute  to  the  MBssbauer  isomer-shift, 
and  taking  into  account  that  N^E^)  Is  nearly  constant  throughout  the  transition 
metal  series,  experimental  evidence  is  quite  in  favour  (see  Fig.  (1b))  of  a  relation 
of  the  form  (S^  +  2S12)  «  N$(Ef). 

Summarizing  our  experimental  results,  we  have  shown  that  measurements  of  the  "field 
gradient-strain"  tensor  are  an  Important  tool  In  studying  the  relative  significance 
of  s-  and  d-electron  coupling  to  acoustic  shear  modes  and  volume  deformations  In 
transition  metals. 
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RAMAN  SCATTERING  IN  V3Si,  V3Ge,  Nb3Sb,  AND  Cr3Si  :  CORRELATION  OF  Eg 
OPTICAL  PHONON  LINEWIDTH  WITH  MAGNETIC  SUSCEPTIBILITY 
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Abstract.-  Raman  scattering  measurements  of  the  E  optical  phonon  In  V.S1  and 
Nb.Sn  shorn  It  to  have  an  anomalous  width,  temperature  dependence,  and  asymme¬ 
tric  line shape.  We  have  observed  a  similar,  although  weaker,  anomaly  In 
V.Ge.  The  E  and  T,  phonons  In  Nb.Sb  and  the  T,  phonon  In  Cr.Sl  show  no 
anosmloua  benavior  ud  can  be  understood  In  texal^of  simple  enharmonic  Inter¬ 
actions.  In  Cr.Sl  the  E  phonon  has  an  anomalous  width,  shape,  and  tempera¬ 
ture  dependence  (similar® to  V.Ge)  in  spite  of  Its  low  electronic  density  of 
states  and  temperature  independent  magnetic  susceptibility.  A  linear  corre¬ 
lation  la  shown  to  exist  between  magnetic  susceptibility  and  E  mode  line- 
width,  T,  in  V.S1,  Nb.Sn,  and  V.Ge.  With  the  aid  of  a  simple  fiodel,  most  of 
the  features  of  the  Wfasn  data  San  be  understood  in  terms  of  direct  coupling 
of  the  E  phonon  to  Interband  electronic  transitions  between  the  very  flat 
bands  aalnatlng  from  the  T,,  level  in  these  compounds.  These  results  Indi¬ 
cate  that  direct  coupling  or  the  E  optical  phonon  to  the  T.  bands  plays  a 
major  role  In  the  splitting  of  the^cublc  I\ .  subband  N(E)  peak  by  the  dlmerl- 
satlon  of  the  transition  metal  sublattice.  3 


1.  Experiment. -  A  single  crystal  of  V.Ge  (T  -6.3K)  was  grown  from  buttons  of  stol- 

—  3  C  ,  / 

chlometrlc  arc-mslted  starting  material  by  the  Csochralskl  technique.—  The  single 

crystal  of  Cr,8i  (T  <0.015K)  was  grown  by  seme  refining  pressed  stoichiometric  pow- 
3  c  «/ 

dor  mixtures  of  Chromium  and  Silicon.—'  [100}  surfaces  were  spark  cut  from  these 
samples  and  then  mechanically  polished  with  alumlns.  For  the  investigation  on 
NbjSb,  a  large  single  crystal  was  grown  by  closed  tube  vapor  transport  with  iodine 
as  a  transporting  agent.  The  Reman  measurements  were  performed  on  a  high  quality, 
smooth,  as-grown  [110]  face  of  the  crystal.  Laser  light  of  514-nm  wavelength  was 
Incident  at  a  pseudo-Brewster  angle  of  70°,  collected  in  a  direction  normal  to  the 
surface,  and  analysed  with  a  horns  built  double  monochromator  employing  standard  pho¬ 
ton  counting  electronics.  Cooling  was  provided  by  either  flowing  cold  He  gas  In  a 
modified  "Bell-Tran"  system  or  a  liquid  He  Janie  cryostat.  True  sample  temperatures 
were  determined  from  Antl-Stokes/Stokes  ratios  of  the  Eg  phonon. 

1.  Result ■  and  Discussion.-  The  E  symmetry  Raman  spectra  of  V.Ge  taken  at  340K  and 

*  ■*  .1 

34K  are  shown  In  Fig,  1.  The  phonon  frequency  hardens  from  278.  to  287.  cm  and 

the  llnewldth  lncreaees  from  37.2  to  69.6  cm’1  (IWSQ  upon  cooling.  The  solid  lines 

are  fits  to  a  spectral  function  resulting  from  s  coupled-mods  theory,  wherein  the 

asyMBtrlc  line  shape  is  due  to  a  Brelt-Wlgner-Fano  Interference  between  the  discrete 

phonon  and  an  electronic  continuum.— ^ 

*  Present  address  :  Department  of  Physics,  University  of  Michigan,  Ann  Arbor, 
Michigan  48109,  U.S.A. 


C6-393 


100  200  300  400 

RAMAN  SHIFT  (CMH) 

Fig.  1  :  E  ■j—ntry  Ram  spectra  In 
VGt  at  340K  and  50K.  Tha  aolld  llnaa 
tie  fit*  to  the  data  (aaa  text). 


Wa  propose  that  the  dominant  daaplng 

haul  am  for  the  E  aode  in  this  A-15  and 
1*4/  ^  f  4/ 


In  VjSl- 


and  NbjStr- 


consists  of  Inter¬ 


band  processes  wherein  the  E^  aode  decays 
Into  electron-hole  pairs  In  the  bands. 
These  bands  are  within  an  energy  coapara- 
ble  to  the  E^  phonon  energy  of  the  Feral 
level  throughout  large  regions  of  the 
Brlllouln  Zone.— ^  Due  to  syasMtry  based 
selection  rules,  the  phonon  In  Nb^Sn 
cannot  Interact  with  these  bands  and  it 
has  Indeed  been  observed  to  be  relatively 


4/ 


weakly  daaped.- 


In  ffl>3Sb^ 


7/ 


and  Cr^Sl— ' 


the  E  phonon 
8  _ 

cannot  interact  with  electrons  In  the  1, , 

12 

bands  since  they  are  ~0.35  eV  below  the 
Feral  level  and  hence  coapletaly  filled. 
Accordingly,  tha  E^  phonon  In  HbjSb  and 


tha  phonons  In  both  Hb^Sb  and  Cr^Sl 
are  weakly  daaped  and  harden  and  narrow  upon  cooling.  This  Is  typical  behavior  for 
phonons  whose  self-energy  la  dominated  by  enharmonic  phonon-phonon  Interactions. 

The  E  phonon  in  Cr.Sl  la  not  so  well  understood.  It  appears  to  harden  from  310.  to 

8  _i  3  .< 

320.  cn  and  broaden  from  40.  to  60.  ca  upon  cooling  fraa  300K  to  70K.  Hi - 

additional  structure  In  tha  region  of  the  phonon,  possibly  due  to  electronic 


scattering,  complicates  the  analysis. 

The  electronic  nature  of  the  E^  phonon  daaplng  In  V^Sl,  Nb^Sn,  and  V^Ge  is  fur¬ 
ther  demonstrated  by  plotting  their  aagnetlc  susceptibility,  X,  versus  their  corre¬ 
sponding  Eg  amde  llnswldth  at  tha  saae  temperature,  for  several  tsaperaturea.  This 
Is  shown  in  Fig.  2  for  tha  temperature  range  400K  to  20K,  where  a  strong  correlation 
la  seen  to  exist,  with  the  V-based  compounds  following  one  relationship  and  Mb^Sn  a 
separate  one.  Such  a  division  of  V-based  and  8b -based  A-15  compounds  Into  two  f sal¬ 
lies,  with  ij^  #,  *are  IJ  -  H(ly)<Il>,  <I*>  being  tha  Fatal  surface  averaged 
electron-phonra  matrix  element  squared,  has  already  bean  pointed  out  by  Klein,  at. 
al.— ^  The  ratio  of  tha  Initial  alapas  of  tha  two  curves  (indicated  by  tha  aolld 
lines  through  the  data  In  Fig.  2)  la  In  good  agreement  with  tha  ratio  of 

as  calculated  by  Klein,  at.  al.-^  The  temperature  dependence  of 
the  magnetic  susceptibility  is  coMonly  ascribed  to  thermal  repopulstlon  of  elec¬ 
tronic  energy  levels  near  a  sharp  peak  in  tha  electronic  density  of  states.  The 
strong  correlation  between  the  magnetic  susceptibility  and  tha  phonon  llnswldth, 
shown  In  Fig.  2,  suggests  that  electron-phonon  interactions  (as  opposed  to  anhar- 
aenic  phonon-phonon  interactions) ,  subject  to  tha  asms  thermal  repopulstlon  affects 
as  tha  magnetic  susceptibility,  are  responsible  for  tha  te^erature  dependence  of 
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Pig,  2  :  Correlation  of  ve.  for  V-Sl, 
Mb  Sn,  and  V  Go.  Paean  data  for  Nb  SB 
taaen  fra  ref.  4.  data  for  V-Sl.'VjGa, 
and  Hb.Sn  takan  from  ref a.  9,  9,  and  10, 
reapeeclvely. 


tha  Eg  phonon  llnawldth  and  frequency  in 
thaae  conpounda.  Indaad,  a  alapla  nodal 
of  the  interaction  and  the  banda  la 
able  to  account  quantitatively  for  the 
llnawldth  taaperature  dependence.  Our 
nodal  will  be  dlacuaaed  nore  fully  in  a 
future  publication.  Theee  raaulta  are  in 
accord  with  tha  recent  conclueiona  of 
Matthelaa  and  Weber^/  that  dinerlaatlon 
of  the  tranaltlon  netal  aublattlce  la  the 
pr lnary  driving  nechanln  for  the  narten* 
aitic  tranaltlon. 

We  thank  D.  A.  Pepaconatantopouloa 
for  providing  ua  with  the  energy  band  dla- 
gran  for  Cr^Sl.  Thia  work  waa  aupported 
by  the  National  Science  Foundation  under 
the  MIL  Grant  qft-80-20250. 
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COHERENT  NEUTRON  SCATTERING  FROM  POLYCRYSTALS 


U.  Bucheoau,  H.R.  Schober  and  R.  Wagner 

Inetitut  fttr  FeetkOrperforeohung  der  Kemforeahungean  lage  Jillioh,  Poetfaeh 
1913,  D-517o  Jillioh,  F.R.G. 


Abstract.-  Phonon  dispersion  curves  are  mostly  determined  by  co¬ 
herent  neutron  scattering  from  single  crystals.  For  a  number  of 
materials,  however,  large  enough  single  crystals  are  not  obtaina¬ 
ble.  He  used  the  detailed  structure  of  the  coherent  scattering 
from  polycrystals  to  obtain  as  much  information  on  the 'phonons 
as  possible.  Time-of-f light  spectra  of  A1  and  Ca  over  a  large 
area  in  Q  and  u  have  been  analyzed  in  terms  of  lattice  dynamical 
models.  It  turns  out  that,  at  least  for  these  simple  materials, 
a  rough  picture  of  the  phonon  dispersion  may  be  obtained. 


It  is  well  known  that  phonons  can  be  measured  by  coherent  Inelastic  neu¬ 
tron  scattering  from  single  crystals.  Much  less  is  known  about  the  in¬ 
formation  contained  in  the  coherent  inelastic  scattering  from  polycry¬ 
stals.  Two  special  cases  have  been  considered  earlier:  the  region  of 
high  momentum  transfer  where  the  phonon  spectrum  may  be  obtained  1  and 

the  regions  of  low  energy  transfer  near  Debye-Scherrer  rings  where  ela- 

2 

Stic  constants  can  be  determined  .  In  this  work  we  show  that  by  mea¬ 
suring  in  an  extended  range  of  energy  and  momentum  transfer  one  may 
even  get  a  rough  picture  of  the  full  phonon-dispersion  -  at  least  in 
the  simple  cases  considered,  ndAely  polycrystal line  A1  and  Ca  at  room 
temperature .  ,  ' 


ALOHiaOM  293  K 


DttacMr  nr.  Tim  of 


Fig.  1i  Tine-of-flight  spectrum  of  polycrystalline  A1  at  293  K 
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Fig.  1  shows  measured  and  calculated  time-of-f light  spectra  for  Al. 
The  intensity  rise  at  short  flight  times  corresponds  to  the  onset  of 
one-phonon  annihilation  processes  at  the  maximum  lattice  frequency  of 
about  lo  THz.  The  upper  boundary  of  the  time  range  corresponds  to 
3  THz.  The  momentum  transfer  increases  with  increasing  detectox  number 
and  decreases  with  increasing  time  of  flight.  In  the  region  shown  abcw 
it  ranges  from  2  to  6  X-1 .  The  experiment  was  done  on  the  time-of- 
flight  spectrometer  SV5  at  the  cold  source  of  the  reactor  DIDO  in  J(l- 
lich  (wavevector  of  incoming  neutrons  1.314  X-1,  range  of  scattering 
angles  2o  to  16o  degrees) . 

The  theoretical  spectrum  was  obtained  using  a  set  of  Born-v.  Kar- 
man  parameters  from  the  literature  ^ .  The  one-phonon  scattering  con¬ 
tributions  on  a  fine  mesh  through  the  relevant  Brillouin  zones  were 
summed  up  (using  the  symmetry  as  far  as  possible)  and  folded  with  the 
instrumental  resolution.  The  result  agrees  reasonably  well  with  the 
experiment,  though  there  are  seme  distinct  differences.  A  better  agree¬ 
ment  can  be  achieved  by  fitting  the  Born-v. Karman  parameters  to  the 
experiment.  We  did  this  assuming  axially  symmetric  springs  extending 
up  to  the  sixth  nearest  neighbour  and  UBing  the  known  elastic  con¬ 
stants  Multiphonon  and  multiple  scattering  were  calculated  using 
simple  approximations.  The  result  is  summarized  in  Table  1.  Fig.  2 
shows  that  this  fitted  parameter  set  reproduces  the  experimental  dis¬ 
persion  5  along  the  symmetry  directions  astonishingly  well. 
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Fig.  3:  Phonon  dispersion  and  phonon  spectrum  in  Ca  at  293  R. 

Table  1  and  Fig.  3  show  fit  results  for  Ca  at  room  temperature.  No 
single  crystals  of  this  material  are  available  because  of  its  martensi¬ 
tic  phase  transformation  at  72o  K.  The  elastic  constants  determined 
at  low  energy  transfer  with  the  method2  c^-25+3  GPa,  c1 2*1 5+1  GPa  and 
d<4*2o+1  GPa  were  included  in  the  fit.  The  resulting  bulk  modulus 
B»18.3  GPa  is  in  reasonable  agreement  with  the  static  value  6  of  17.2 
GPa.  The  phonon  dispersion  shown  in  Fig.  3  corresponds  rather  closely 
to  pseudopotential  calculations  7  if  these  are  scaled  down  by  16%. 
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Table  It  Fitted  Bor n-v. Karmen  parameters 
Tfyn/cm)  for  Al  and  Ca  from  polycrystalline 
spectra  at  293  K. 


Neighbour  and 
indices 

Al 

Ca 

1XX 

1oo56.+1oo. 

38o6.+5o 

1ZZ 

-982.“ 

-133. 

1XY 

1 1o38. 

3939. 

2XX 

1364. -Moo. 

-1513 

2YY 

9o.“ 

227. 

3XX 

-629. +5o 

25o.+2o 

3YY 

-19.“ 

94.“ 

3YZ 

-2o3 . 

52. 

3XZ 

-4o7 . 

1o4. 

4XX 

1o7. 

4ZZ 

-47o. 

4XY 

577. 

5XX 

149. 

5YY 

-53. 

5ZZ 

-78. 

5XY 

76. 

6XX 

57. ' 

6YZ 

-145. 
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HIGH  TEMPERATURE  PHONONS  IN  IRON 


A.M.  Vallera 

Fao.  de  CiSnoias,  Lisboa,  and  LSETI,  Saaavem,  Portugal. 


Abstract.  -  The  phonon  frequencies  of  Fe  +  5  at  X  Si  were  extensively 
measured  at  room  temperature,  933K,  1147K,  and  1423K  using  neutron 
inelastic  scattering.  The  most  interesting  features  are  the  frequency 
shifts  of  obvious  magnetic  origin,  with  large  gradients  at  the  Curie 
temperature.  Their  interpretation  in  terms  of  magnetic  contributions 
is  discussed,  and  preliminary  magnetic  force  constants  are  given. 


He  have  been  studying  the  variation  with  temperature  of  the  phonon  frequencies  of 
bcc  iron  by  neutron  inelastic  scattering.  The  data  presented  here  refers  only  to 
Fe  *  5  at  X  Si  single  crystals,  although  Fe  saaiples  have  been  also  used  for  compa¬ 
rison  at  temperatures  below  the  a  •*  y  transition  point. 

Most  of  the  data  were  obtained  with  the  twin-chopper  spectrometer  at  reactor 
PLUTO,  Harwell.  A  few  modes  were  later  studied  in  detail  with  the  three-axis  spe  - 
ctrometer  IN3,  at  the  ILL,  Grenoble  (1).  All  the  chopper  data  were  obtained  at  four 
temperatures  only  (296K,  933K,  1147K,  and  1423K)  in  the  lTO  plane.  The  phonon  fre¬ 
quencies  at  each  temperature  are  well  described  by  5-neighbour  Bom-von-Karman  mo  - 
dels  (2),  and  are  consistent  with  the  ultrasonic  elastic  constants  (3).  As  an  exam¬ 
ple,  in  Fig.  1  we  show  the  phonon  frequencies  along  the  symnetry  directions  measured 
at  933K  in  Fe(Si). 

In  Fig.  2  we  present  the  frequency  shifts  relative  to  room  temperature .  One 
should  remark  the  large  relative  shifts  occuring  in  low  lying  oiodes.  That  these 
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defts  are  of  magnetic  origin  is  clearly  suggested  by  Fig.  3.  But  these  magnetic 
effects  are  not  restricted  to  such  modes;  all  of  them  show  measurable  kinks  at  the 
Curie  temperature,  although  smaller. 

Fig.  3  also  suggests  the  possibility  of  separating  a  magnetic  contribution  to 
the  phonon  frequencies  as  the  difference  between  the  low  temperature  squared  phonon 
frequency  as  measured  and  an  extrapolation  of  the  high  temperature  behaviour.  Such 
contributions  might  be  related  to  the  spai.e  derivatives  of  the  exchange  parameters 
of  a  Heisenberg-like  model,  or  compared  with  calculations  within  itinerant  electron 
models  of  magnetism;  here,  however,  we  limit  ourselves  to  presenting  an  attempt  at 
quantifying  these  magnetic  contributions  by  application  a  simple  separation  proce¬ 
dure  to  the  chopper  data.  The  feet  that  we  only  took  measurements  at  four  tempera¬ 
tures,  and  that  the  magnetic  effect  is  oftsn  small,  particularly  in  higher  frequency 
branches,  sxplsin  in  part  the  large  error  bers  in  Fig.  4.  Born— von  Karmen  models 
wsrs  fittsd  to  thsss  points;  dsspits  ths  lsrgs  srrors,  s  fit  could  only  be  echieved 
when  third  neighbour  magnetic  force  constants  wsra  introducsd.  Tha  lines  drawn  on 
tba  figure  correspond  to  one  such  3 -neighbour  model,  restricted  to  magnetic  contri- 
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I  P  P  I  IPS  I* 

Fig.  4.  The  separated  magnetic  contribution  to  the  phonon  frequencies  of  Fe(Si): 
experiment  and  fitted  3-neighbour  model.  4 • -  higher  frequency  branch; 4  , -  lo¬ 

wer  frequency  branch.  The  negative  point  at  3/5(1  1  0)  was  left  out  of  the  model 
fit.  Square  dots  refer  to  3-axis  data,  also  not  included  in  the  fit. 

butions  to  the  shear  elastic  constants  C'  “  2.2,  C.A  *  0.5,  and  to  the  bulk  mo- 

10-2  * 

dulus  B  *  2.7  (units  of  10  Nm  ),  estimated  from  (3).  The  fitted  force  constants 
m 

are  given  in  the  table  below.  Although  a  few  of  the  important  features  of  the  ex  - 
perimental  data  have  been  confirmed  (1)  by  more  careful  investigation  of  a  few  mo¬ 
des  (the  squares  in  Fig.  4),  these  fort.*  constants  should  be  regarded  as  prelimi  - 
nary  only,  firstly  because  of  the  large  errors  and  total  absence  of  data  in  some 
branches,  and  secondly  because  we  now  feel  that  the  value  of  B^  used  in  the  fit  is 
rather  uncertain,  and  should  be  left  out  until  low  q  (XOO)L  and  (XXO)L  oxides  are 
studied  in  detail. 

Table  I  -  Magnetic  contribution  to  the  force  constants  (in  Mm  *) 

1st  neighbour (111)  2d  neighbour (200)  3d  neighbour (220) 

"  1.0B  ■  3.20  “  .99 

Bj  “  -.98  Oj  ■  -.42  dj  -  -.96 

B3  -  1.10 
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SCREENING  OF  THE  SHORT-RANGE  POTENTIAL  BY  THE  LOCAL  FIELD  CORRECTION 
IN  THE  LATTICE  DYNAMICS  OF  VANADIUM 


B.N.  Onvuagba  and  A.O.E.  Aniaslu 

Department  of  Physios,  University  of  Nigeria,  NsukJka,  Nigeria . 

Abstract.-  The  dielectric  formulation  of  the  local  field  correct¬ 
ion  to  "the  dynamical  matrix  for  phonon  dispersion  relation  in  d- 
band  metals  in  the  transit ion -metal  model  potential  approximation 
is  re-examined,  with  a  view  to  explore  its  influence  on  the  short- 
range  (Born-Mayer)  interatomic  force  contribution  to  the  dynamical 
matrix.  It  is  observed  that  the  off-diagonal  components  of  the 
inverse  dielectric  matrix,  which  determine  the  local  field  correc¬ 
tion,  make  contributions  that  tend  to  cancel  or  "screen"  the  Born- 
Mayer  contribution,  just  as  the  diagonal  components  of  the  inverse 
dielectric  matrix  tend  to  provide  screening  of  the  long  range 
(Coulombic)  contribution.  Numerical  calculation  for  vanadium  shows 
that  the  cancellation  of  the  Born-Mayer  contribution  to  the  dynam¬ 
ical  matrix  by  the  local  field  correction  is  physically  signific¬ 
ant,  and  leads  to  a  better  understanding  of  the  soft  modes  in  the 
phonon  spectra  of  body-centered  cubic  transition  metals. 

1.  Introduction.  -  Several  years  ago,  Oli  and  Animalu  developed  a 
theory  of  the  local  field  correction  to  the  dynamical  matrix  for  the 
phonon  dispersion  relation  in  d-band  metals  in  the  transition-metal 
model  potential  approximation,  with  a  view  to  elucidate  the  occurr¬ 
ence  of  soft  modes  in  the  body-centered  cubic  transition  metals, 

vanadium  and  niobium.  The  results  of  this  effort  was  subsequently 
2  . 

reported  in  the  1977  Conference  on  Transition  Metals.  The  important 
steps  in  the  theory  may  be  Summarised  briefly,  as  follows.  The  dynam¬ 
ical  matrix  for  phonon  dispersion  relation  in  a  Bravais  lattice  is 
split,  as  in  the  case  of  simple  metals,  into  a  sum  of  three  terms, 
namely  the  Coulombic  contribution  due  to  the  long-range  Coulomb 
interaction  between  the  bare  ions  of  the  metal,  a  short-range  (Born- 
Mayer)  contribution  due  to  the  overlap  of  the  core  wavefunctions 
centered  on  neighboring  ions,  and  the  electronic  contribution  due  to 
the  indirect  ion-ion  interaction  via  the  polarisation  field  of  the 
conduction  electrons.  The  electronic  contribution  involves,  therefore 
the  screening  action  of  the  gas  of  conduction  electrons  through  the 
electron -phonon  interaction  matrix  elements,  x ,  which  are  proport¬ 
ional  to  the  screened  pseudo-potential  or  model  potential  form  factor, 
V(q).  Because  of  the  virtual  bound  character  of  the  transition-metal 
d -electrons ,  local  field  corrections  arise  in  the  conventional 
screening  calculation,  as  the  off-diagonal  components  of  the  inverse 
dielectric  matrix.  The  purpose  of  this  paper  is  to  show  that  the 
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contribution  to  the  dynamical  matrix  from  the  local  field  correction 
tends  to  cancel  the  Born-Mayer  contribution,  with  the  result  that  the 
effective  short-range  interatomic  force  turns  out  to  be  attractive 
rather  than  repulsive. 

2 .  Outline  of  the  Microscopic  Theory.  -  The  phonon  frequencies  in  a 
Bravais  lattice  are  determined  by  the  secular  equation 


Wq)  1  Vq)  =  0  (“  =  1’2*a) 

,R  .  ~E 


(1) 


where  D  .  i  D  »  +  D*  +  is  the  dynamical  matrix,  consisting  of 
ap  up  op  op 

the  three  (Coulombic,  Repulsive,  and  Electronic)  contributions,  as 
indicated.  The  electronic  contribution,  in  particular,  has  the  form: 

p  ,  <q+g)  <<1+8' )a  g.gi 

DEfl(q)=  -M»2(  X  - 2 - £G(q+g,q+g*)-  X*  _2_!e(g,g’))  (2) 

ae  p  g,g'  I q+g 1 2  g.g’  |g|2 

where 


G(q+g,q+g')=( 


4nze 

n0|q+g| 


.-2 


v(q+g)x<q+g»q+g’)  VM(q+g) 


X  e~1(q+g,q'*-g,)VM(q+g,>  (3) 

is  the  energy-wave-number  characteristic  matrix, 

xcq+g.q+g’)  *  [v(q+g>]-1  [4g,g»  “  eCq+g»q+g’)J  <4> 

being  the  generalized  susceptibility  matrix,  v(q+g)  the  Fourier  trane- 

2  2  4 

form  of  the  electron-eleetron  interaction,  -  (4»z  e  /MQQ)a  the  ion 
plasma  frequency,  z  the  chemical  valence  and  Qq  the  atomic  volume . 

The  expression  for  G( q+g, q+g' )  can  be  separated  further  into  a  diagon¬ 
al  part  GQ(q+g,q+g)dg  g«  which  represents  the  screening  of  the  Coul¬ 
ombic  contribution,  and  an  off-diagonal  part  Gtc(q+g,q+g’ )  which 
represents  the  local-field  correction  and  tends  to  cancel  or  "screen" 
the  repulsive  contribution.  Explicitly, 

2  frV 

G.c(q*g,q+g’ I*  <k+q+g|  C-jl)  |k+q+g’>  V*(q+g) 

lc  &0lq*gl* 

mat 

x  VM<q*g’>j|x;l<q*I>-  Cb  e^qfg"7<k^q^,,<(-  -lf>  tk+q+*">avj  (5> 

in  which  VM  is  the  transition-metal  model  potential,  and  3VM/»E 

characterizes  the  depletion  hole  whose  dependence  on  energy  and  on 

3 

core  electron  wavefunctions  is  typically  of  the  Harrison  form 

»Vm/»E  «  t|s><«|  ♦  t|dxd|  -  i  ±1412514.  (6) 

"  s  d  d  <Ed-E)z 

It  is  this  dspendsncs  on  core  wavef unct ions  and  tha  algebraic  sign 
of  tha  local  fiald  correction  that  make  it  tend  to  cancel  the  Born- 
Mayer  term. 
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:  Phonon  spectrum  of  vanadium  in  the  principal  directions. 

3.  Numerical  Results.-  The  phonon  frequency  reduces  to  the  form 

v  a  («  /2w)  ^ ,  in  which  the  Coulombic  contribution 

(e|)  is  screened  by  the  electronic  contribution  given  by  the  diagonal 

part  of  G(q+g,q+g')  in  the  summation  in  Eq.  (2),  while  the  Bom-Mayer 

contribution  (m£)  is  screened  by  the  local  field  correction  which  is 
r 

well  represented  by  w|c  =  4.5«*exp(-aq/2*),  for  the  longitudinal 
branches  and  by  m*c  *  0 . 02w£  for  the  transverse  branohes ,  the 
numerical  factors  being  determined  so  as  to  fit  the  ab  initio 
calculation  of  re f.  1  and  guarantee  symmetry  requirements  at  the 
points  P  and  H  of  the  Brillouin  tone,  as  shown  in  Fig.  1.  We  see 
from  Fig.  1  that  the  overall  agreement  between  the  present  theory 
and  experiment4  is  quite  good. 
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THE  ULTRASOUND- INDUCED  ELECTRIC  FIELD  GRADIENT  (EFG)  IN  METALS 

B.  Strobe! ,  K.  La'uger,  G.E.  Bonnie  1  and  V.  Muller* 

Vniversitdt  Konstanz,  FakultSt  filr  Physik,  Postfaoh  6560,  0-7750  Konstanz  , 

F.R.G. 

*Preie  Vniversit&t  Berlin,  Paohbereioh  Physik,  Kffnigin-Ouise-Str.  28-30,  D-IOOO 
Berlin-33,  Germany 

Abstract.-  The  method  of  quadrupolar  nuclear  acoustic  resonance  (NAR)  allows 
to  determine  the  tensor  S  relating  the  ultrasound-induced  dynastic  EFG  (DEFG) 
to  the  ultrasonic  strain.  The  observed  temperature  dependence  of  S  in  cubic 
Ta  metal  supports  the  "phonon-model"  for  the  empirical  Tu-lav  of  the  nuclear 
quadrupolar  interaction  in  metals. 


1.  Intr oduct ion . -  The  study  of  the  static  EF6  in  non-cub ic  metals  and  around 
defects  in  metals  has  been  of  considerable  interest  over  the  past  decade  (for  a 
review  see  Ref.  1) .  One  of  the  motives  for  this  interest  is  the  eatpirical 
temperature  dependence  of  the  BFG  as  (t  -  B*TU>  which  is  observed  in  nearly  all 
metals.  In  order'  to  explain  this  Tu-law,  two  models  were  propounded:  a  "phonon- 
model"2  attributing  the  temperature  dependence  essentially  to  a  Debye  -  Haller 
factor  (IMF),  and  a  "quadron-aodel"5  based  on  the  assumption  of  quadrupolar 
elementary  interactions  in  non-cubic  metals,  in  analogy  to  Bloch's  T^-law  in 
ferromegnets  which  is  explained  by  the  excitation  of  magnons.  A  crucial  test  for 
any  form  of  "quadr on-model"  would  be  the  absence  of  a  temperature  dependence  in  an 
undisturbed  cubic  metal  (where  the  static  EFG  vanishes,  and  thus  no  quadrupolar 
elementary  excitations  should  be  present). 

2.  The  ultrasound-induced  EFG.-  Although  the  static  EFG  vanishes  for  cubic 
symmetry,  one  is  still  able  to  observe  the  DEFG  accompanying  an  ultrasonic  wave. 
When  interacting  with  quadrupolar  nuclei  in  a  magnetic  field,  the  DEFG  can  induce 
traaeitioes  between  Zeeman  -  levels,  giving  rise  to  quadrupolar  MAR*.  From  the 
intensity  of  the  EAR  signal  one  can  determine  the  fourth-rank  tensor  S  relating 
the  MFC  V  .  at  the  site  of  a  nucleus  to  the  applied  strain 

Vij  8ijkl  Sr 

k.l 

The  analysis  of  the  8-tansor  components  allows  one  also  to  infer  on  the  eleetroo- 
phonon  interaction  in  metals2,.  The  present  contribution  is  particularly  concerned 
with  the  temperatur  dependence  of  S  which  is  studied  both  theoretically  (on  the 
basis  of  the  "phonon-model")  an  experimentally.  (A  detailed  account  can  be  found  in 
Ref.  d). 
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3.  Screened-potential  approach.-  In  the  approach  of  Nishiyama  et  al.2  the  EFG  at  a 
certain  nucleus  is  given  by  a  superposition  of  screened-potential  contributions 
from  all  other  nuclei,  with  the  screening  charges  following  adiabatically  the 
thermal  motions  of  the  nuclei.  For  our  needs  we  have  expanded*  this  approach  to  a 
lattice  with  both  thermal  und  ultrasonic  vibrations.  Ue  obtain  eventually  the 
S-tensor  components  as  a  sum  over  all  reciprocal  lattice  vector  points  2: 


Sa8pv  (T) 


-“<1-0  WT) 


(i  (G  7  +G  7  )+5  )  V*  (2) 

y  v  v  v  yv  aB 


where  a  and  (1-y^)  are  temperature- independent  prefactors,  is  an  effective 

DWF,  V  denotes  the  spatial  derivative  in  the  Fourier  space,  4  is  the  Kronecker 
symbol,  and  V  (2)  is  the  Fourier  transform  of  the  screened-potential  EFG  at  the 
site  of  the  reciprocal  lattice  vector  point  2.  It  can  be  shown®  that  within  this 
"phonon-model"  the  effective  DWF  (and  thus  the  temperature  dependence)  for  the 
S-tensor  in  a  cubic  metal  is  essentially  the  same  as  one  would  expect  for  the 
static  EFG  if  the  metal  were  non-cubic. 


I 


4.  Experiment.-  The  temperature  dependence  of  S  has  been  investigated  in  cubic 
tantalum  metal  which  due  to  its  high  nuclear  quadrupole  moment  is  especially 
well  auitad  for  a  NAR  experiment.  In  order  to  increase  the  experimental  accuracy 
a  novel  calibration  method  was  applied,  using  the  magnetic-field-dependent  ultra¬ 
sonic  attennation  known  as  Alpher  -  Rubin  effect  for  an  internal  calibration 
standard.  In  Ta  there  are  two  independent  linear  combinations  of  S-tensor 
components.  For  these  the  following  experimental  results  were  obtained  at  300  K: 

Shi,  -  ±  6.33(29)  •  1022V/m2 
(Sn-Si2)/2  -  +  4.11(37)  •  1022V/m2 


(N  e  that  with  a  conventional  NAR  experiment  only  the  sign 


S-tensor  components  is  accessible.) 

(K) 


0  no  200  300  400 


of  the  ratio  of  the 


Figure :  Temperature  dependence  of 
the  ratio  (Si j-Si2 )/2S**  (above) 
and  cl  the  absolute  value  of  Skj 
(below)  in  tantalum,  using  a  T1*® 
scale.  The  fit  for  ]s*s|  corres- 

Tonds  to  a  dependence  as 
S*»(0)  |  •(1-B*TW)  with 
B  -  +7(3)«10-*K-W. 


; 

f 


I 
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The  Figure  shows  Che  measured  temperature  dependence  of  the  S-tensor  in  Ta. 
The  ration  of  the  components  is  found  to  be  temperature-independent  within  the 
experimental  error.  In  contrast  to  this,  the  S-tensor  as  a  whole  shows  a  decrease 
with  temperature  which  can  be  fitted  to  a  T^-law,  in  analogy  to  the  static  EFG. 
From  this  fit  the  parameter  B  is  obtained  as  +7(3)  • 

5.  Conclusion.-  Whereas  the  "qnadron-model"  results  in  a  zero  temperatur 
dependence  for  cubic  metals,  our  observations  are  in  complete  agreement  with  the 
"phonon-model"  which  predicts  a  temperature  dependence  of  the  S-tensor  as  a  whole. 
An  estimation7  of  the  parameter  B  from  the  tantalum  atomic  mam  and  Debye 
temperature  yields  +6* 10“®  K'1 2 3 * * * 7**.  The  observed  temperature  dependence  in  tantalum 
thus  supports  the  idea  that  the  empirical  T^-law  of  the  nuclear  quadrupolar 
interaction  in  metals  can  be  essentially  explained  by  the  effect  of  lattice 
vibrations. 
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MICROSCOPIC  POLARIZABILITY  MODEL  OF  FERROELECTRIC  SOFT  MODES 

A.  Bus  smaim-Holder,  G.  Benedek* ,  H.  Bilz  and  B.  Mokross 

Max-Planck-Inatitut  fUr  FeetkOrperfovaohung ,  7000  Stuttgart-80,  F.R.G. 
*Ietituto  di  Fiaioa  dell'  University  and  CNSH-CNF,  Milano,  Italy 


Abstract . -  A  simplified  version  of  a  recent  microscopic  model 
of  ferroelectric  soft  modes1  is  studied.  It  is  shown  that  the 
compensation  of  long-range  and  short-range  forces*  which  indu¬ 
ces  the  soft  mode  behaviour  of  ferroelectric  systems  can  be  ex¬ 
pressed  in  terms  of  a  simple  linear  chain  model  with  a  non-li¬ 
near  polarizability  at  the  chalcogenide  ion  lattice  site  .  This 
polarizability  is  equivalent  to  an  on-site  electron-two-phonon 
coupling.  The  four  different  temperature  regimes  which  result 
from  the  model  equations  are  discussed.  The  model  is  applicable 
to  completely  different  systems  such  as  perovskites ,  SbSl  , 

IV- VI 3  semiconductors  and  I^SeO^  '  . 


The  dynamical  properties  of  ferroelectric  perovskites  have  been 
successfully  described  in  terms  of  a  strongly  anisotropic  non-linear 
polarizability  of  the  oxygen  ion1 .  By  means  of  a  simplified  diatomic 

Q 

linear-chain  version  of  this  model  it  was  possible  to  describe  as 

well  the  soft  mode  properties  of  other  systems  and  to  interpret  the 
9  10 

carrier  and  defect  concentration  dependence  of  the  soft  mode  in 
terms  of  microscopic  parameters.  Within  the  model  the  instability  of 
the  ferroelectric  soft  mode  is  attributed  to  a  negative  electron-ion 
coupling  constant  g2  which  contains  strongly  attractive  Coulomb  for¬ 
ces  in  a  local  approximation.  Stabilization  of  the  paraelectric  modes 
is  guaranteed  by  the  repulsive  on-site  fourth-order  electron-ion  coup¬ 
ling  g4  and  the  second  nearest  neighbour  coupling  f ’ . 

The  model  has  some  features  in  common  with  those  discussed  by 
Pytte  et  al.11  as  it  also  represents  a  double-well  problem,  where  the 

finite  electron  core  displacement  w  is  analogous  to  the  static  ionic 

2  12 

displacements.  The  classical  ground  state  is  given  by  wQ  -  -  g2/g4. 

It  is  however  important  to  note  that  in  this  model  the  double  well  po¬ 
tential  results  from  the  non-linear  interaction  between  electrons  and 
ions.  Similar  to  the  double  well  problem  a  border  line  for  displacive 
and  order-disorder  regimes  may  be  defined  which  is  given  by 

^  19 

2  (-jy)  (1  +  -jyr)  >  1  where  the  second  nearest  neighbour  repulsive 
Coulomb  interaction  f •  is  essential  for  the  existence  of  the  displaci¬ 
ve  regime. 
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Within  the  model  the  tem¬ 
perature  dependence  of  the  fer¬ 
roelectric  soft  mode  is  given 

by  =  reduced 

mass 

2  2fg  f  =  nearest 
^“f  “  2f+g  neighbour 

core-shell- 
coupling 
2 

where  g(T)  =  g2  +  3g^  <w  > 
and  <w2>  is  the  self-consistent 
thermal  average  over  the  squa¬ 
red  relative  core-shell  displa¬ 
cements  at  temperature  T. 

The  different  temperature 
regimes  which  result  from  the 
model  are  shown  in  Fig.  1 .  For 
high  enough  temperatures  the 

soft  mode  saturates  and  the  cri- 

2 

tical  exponent  y  with  s 

(T-T_)y  ,  reaches  1/3  of  its 
c 

mean-field  value  1 .  Experimen¬ 
tally  this  has  been  observed 
for  SbSI,4  KTaOj  and  SrTiOj. 

For  finite  T  and  temperature  T>T_  the  well-known  mean-field  regime 
occurs  which  governs  the  largest  temperature  region,  y*1  has  been  ob¬ 
served  for  all  ferroelectric  systems.  For  Tc~0  and  temperatures  close 
ter  OK  again  strong  deviations  from  y=1  are  observed.  In  the  quantum 
limit  classical  renormalization  group  theory  predicts  an  unchanged  ex¬ 
ponent  y“1 •  The  quantum  limit  leads  to  an  apparent  enhancement  of 
dimensionality,  i.e.  d«4,  which  yields  for  the  critical  exponent:  y*2 
(refer  to  D.  Rytz,  U.T.  Httchli,  this  Conference).  The  self-consistent 
phonon  approximation  (SPA)  which  leads  to  exact  results  in  the  very 
displacive  limit  predicts  y-2,  too  The  dimensionality  crossover  re¬ 
gime,  appearing  at  low  temperatures,  is  dominated  by  a  "crossover”  expo¬ 
nent,  1 . 4<y  <1 . 6.  All  temperature  regimes  have  been  observed  experimen¬ 
tally  as  indicated  in  Fig.  1 . 

An  interesting  extension  of  the  model  is  given  by  the  exact  so¬ 
lutions  of  the  non-linear  equations.  Besides  kinks  new  non-linear, 

1 2 

but  periodic,  solutions,  "perlodons"  ,  are  found  which  play  a  major 
role  for  the  description  of  incommensurate  and  lock-in  transitions. 

The  coupling  between  perlodons  and  the  self-consistent  phonons  shows 
completely  new  features  in  the  dynamics  of  ferroelectric  systems. 


Fig .  1 .  Temperature  regimes  which 
result  out  of  the  model,  exp.: 

+  14),  x  15),  e  4). 
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(refer  to  H.  BUttner,  this  Conference) . 

A  more  extended  version  of  the  SPA  and  the  non-linear  problem 
will  be  given  elsewhere1 3,<*. 
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Abstract.-  The  ferroelectric  soft  node  In  SbSI  has  been  Investigated  by  Raman 
scattering  In  strong  magnetic  fields  up  to  14  Tesla.  The  node  frequency  shifts 
towards  lower  frequencies  for  a  magnetic  field  perpendicular  to  the  ferroelec¬ 
tric  c-axis  while  the  mode  frequency  Is  unaffected  for  a  field  oriented  paral¬ 
lel  to  the  c-axis  The  effect  Is  explained  In  terns  of  a  recent  theoretical 
model  which  Is  based  on  the  anomalously  strong  electron-phonon  coupling  of  the 
3p  electrons  located  at  the  sulphur  Ions. 

1.  Introduction.-  SbSI  crystals  exhibit  at  ^  290  K  a  transition  from  a  high  tempera¬ 
ture  paraelectrlc  phase  to  a  ferroelectric  phase  which  Is  triggered  by  the  softennlng 
of  a  transverse  optical  phonon  (1).  Within  a  recent  microscopic  model  based  on  the 
highly  anisotropic  non  linear  temperature  dependent  polarizability  of  the  chalcogeni- 
de  Ion  It  was  possible  to  calculate  within  the  self  consistent  phonon  approximation 

(SPA)  the  temperature  dependence  of  the  soft  mode  In  KTaO,  crystals  (2).  Because  of 

2-  J 

the  high  polarizability  of  the  3p  orbitals  of  S  It  seemed  Interesting  to  study  the 
effect  of  a  high  magnetic  field  (>  10  Tesla)  on  the  dynamics  of  the  soft  phonon.  The 
effect  of  a  field  should  lead  to  a  shrinkage  of  the  3p  wave  functions  as  It  has  been 
calculated  by  Larsen  for  H"  Ions  (3).  The  shrinkage  will  affect  the  polarizability  of 
S  and  conclusively  the  ferroelectric  soft  mode  frequency. 

2.  Experimental.-  The  needle  like  samples  were  Inside  a  variable  temperature  cryostat 
and  surrounded  by  the  gas  at  atmospheric  pressure.  The  temperature  monitored  by  a  Pt 
resistance  was  stable  to  ±  0.02  degree.  The  6754  A  krypton  laser  line  was  used  to 
excite  the  spectra,  the  power  was  carefully  kept  constant  (8  mW  on  the  sample).  The 
Raman  spectra  were  recorded  In  the  back  scattering  arrangement  with  the  laser  light 
Incident  on  the  110  or  llOcrystal  faces.  The  spectrometer  was  a  Jarrel-Ash  double 
monochromator.  The  experiments  were  performed  either  with  a  split  coll  Bitter  magnet 
(maximum  field  13  Tesla)  or  with  a  conventional  Sitter  magnet  (maximum  field  14 Tesla) . 

3.  Results. -Spectra  were  recorded  with  the  magnetic  field  B  parallel  or  perpendicular 
to  the  crystal  c-axis.  The  soft  mode  Is  only  Raman  active  In  the  ferroelectric  phase. 
For  each  experiment  the  temperature  of  the  sample  Ts  was  kept  constant  below  the 
Curie  point  Tc  and  the  field  turned  on.  For  Tc  -  Ts  less  than  4  degrees  the  soft  mode 
frequency  shifts  to  lower  frequencies  when  the  magnetic  field  Is  perpendicular  to  the 
ferroelectric  axis  (Fig.  1).  If  the  temperature  of  the  sample  Is  too  low  T£  -  T$  <5* 
the  field  does  not  affect  the  soft  phonon  frequency.  The  soft  mode  frequency 
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Fig.  1  :  Raman  spectra  of  SbSI,  Tc  -  Ts  =  3.25  K 
(Insert  :  frequency  of  the  soft  mode  W0,  shifts  aw 
observed  at  14  Tesla  for  various  sample  temperatures. 

Is  unaffected  whatever  the  temperature  of  the  sample 
for  a  magnetic  field  oriented  parallel  to  the  c-axis. 
The  results  are  identical  for  experiments  carried  out 
with  the  laser  beam  Incident  on  the  113  face  or  on 
the  llO  face  of  the  crystal . 

4.  Discussion.-  The  dynamical  properties  of  SbSI 
could  be  well  described  within  a  simple  diatonic 
model  with  quartic  non  linear  temperature  dependent 
polarizability  at  the  chalcogenide  ion  lattice  site 
(Fig.  2).  The  polarizability  g(T)  consists  of  two 
parts,  a  harmonic  negative  electron-ion  coupling  g2 
which  reflects  strongly  attractive  Coulomb  forces  and 


a  non  linear  part  g4,  which  stabilizes  the  soft  mode  in  the  paraelectric  as  well  as 
in  the  ferroelectric  regime  (4). 


As  has  been  shown  for  perovskltes  and  IV-VI  compounds  only  the  harmonic  part  of 
the  polarizability  Is  affected  by  a  charge  transfer  (5).  For  SbSI  the  calculations 
show  that  g^  is  constant  at  all  field  strengths  while  g2  decreases  linearly  with  the 
field  (30  X  for  14  Tesla).  Close  to  Tc,  within  the  model  wf2  is  given  by 

wf2  *  g2  +  3g4  <w2>  wQ2/2f 

Experimental  data  show  that  for  all  fields  w^  as  a  function  of  T  reaches  the  sane 
value  at  Tc  -  Tg  where  Tg  =  283  K  (Fig.  3).  This  behaviour  can  be  expressed  In  terms 
of  an  empirical  formula  for  both  the  magnetic  field  dependence  and  the  temperature 
dependence  of  wf2  ;  wf2  =  (Tc  -  T)1+E.a02/(TC  -  Tg)e. 

The  identification  of  the  empirical  parameter  with  the  model  parameter  is 

easily  shown  :  _  - 

w  ^  w  ^ 

*f2(B)  (g2(B)  +  3g4  <  Wy2>)  *  -yp  g  (T,B) 


g  (T,B)  -  G  (B)  .  (Tc  -  T) 


1+e{3) 


4r  G  (B) - *_ 

^  <W 

where  e  Is  linearly  dependent  on  8  as  e  »  e0  + 
data  with  the  calculations  Is  shown  on  Fig.  3. 


e0  +  e'.B.  The  comparison  of  experimental 


Fig.  2  :  Polarizability  model.  au 
ionic  masses  (s“*,Sb3+)  ;  f,f'  first  2 
and  second  nearest  neighbour  coupling 


constants  ;  g2>  g.  harmonic  and  quar¬ 
tic  shell-shore  coupling  constants. 


C6-4I4 


JOURNAL  DE  PHYSIQUE 


In  tv 


Fla-  3  :  Soft  mode  frequency  versus  sample 
temperature  for  various  fields  (dots  : 
experimental  data  -  lines  :  calculations). 

To  get  a  more  microscopic  insight  into  the 
magnetic  field  effect  we  may  compare  our  calcu¬ 
lations  with  the  calculations  by  Larsen  (3)  on 
the  effect  of  a  magnetic  field  on  the  wave 
functions  of  the  H”  ion.  These  calculations 
have  shown  that  when  a  magnetic  field  is 
applied  the  wave  functions  shrink  and  change 
in  shape  to  something  resembling  an  ellipsoid. 
This  effect  is  strongly  related  to  the  magnetic 


field  strength.  As  we  are  in  the  low  field 
limit  (y  ■  3.10‘®  see  ref.  3)  the  shrinkage  should  be  of  the  order  of  1.10”5X  at 
14  Tesla,  which  would  correspond  to  a  directionnal  charge  transfer  of  1.10"6e"; 


this  is  too  low  a  value  to  explain  the  shift  of  the  soft  mode  we  observed. 


From  the  change  of  g,  with  field  It  can  be  concluded  that  the  charge  transfer  is 

A*  3 

of  the  order  of  2.5.10"  e  ,  which  corresponds  to  a  shrinkage  of  2.5. It"  *  in  the  wave 
functions  of  S  .As  has  been  shown  for  K  Ta  03  (2) ,  a  charge  transfer  of  0.5*  from 
the  oxygen  to  the  Ta  Ion  leads  to  a  shift  of  150  cm"1  of  the  soft  mode  frequency. 
Taking  the  same  value  for  SbSI  the  reorientation  of  charge  by  a  14  Tesla  magnetic 
field  would  shift  wf  by  ^  1  cm"1,  which  Is  In  good  agreement  with  experimental  data. 
It  Is  concluded  that  the  strong  enhancement  of  charge  transfer,  more  than  two  orders 
of  magnitude  greater  than  the  charge  transfer  calculated  for  H"  (2),  Is  due  to  the 
highly  anisotropic  non  linear  polarizability  of  the  chalcogenide  ion. 
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ROLE  OF  POLAR  PHONONS  IN  THE  CHEMICAL  BOUND  AT  STRUCTURAL  PHASE 
TRANSITIONS  CHARACTERIZED  BY  REPETITIVE  FOURIER  SPECTROSCOPY 


F.  Gervais  and  J.L.  Servoin 
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Orleans,  France 


Abstract.-  The  temperature  dependence  of  dynamic  effective  charges  carried  by 
Ti  and  Nb  Ions  which  are  the  movable  atoms  involved  In  the  ferroelectric  phase 
transition  of  BaTiO^  and  KNbO, ,  respectively,  are  reported,  as  deduced  from 
TO-LO  splittings  of  polar  lattice  modes,  including  soft  modes.  Results  below 
the  semiconducting-metal  phase  transition  of  Nb02  are  also  discussed. 


There  is  an  aspect  of  certain  structural  phase  transitions  with  displacements 
of  atoms,  but  which  sure  not  properly  dlsplaclve,  which  has  been  little  exploited  up 
to  now.  When  a  structural  transition  occurs,  certain  cation-anion  distances  are  sig¬ 
nificantly  changed.  Such  changes  of  bond  lengths  affect  not  only  the  bond  strength  k 

1/2 

and,  therefore,  the  frequency  of  the  oscillator  Ug  “  (k/y)  ,  but  also  the  amount 

of  the  fractional  charge  which  is  supplied  by  the  cation  and  localized  on  the  anion. 
But  things  can  be  more  complicated  in  compounds  like  oxides  because  oxygen  beccmes 
unstable,  i.e.  its  polarlsability  increases  rapidly  with  the  increase  of  the  radius 
of  a  spherical  repartition  of  positive  charges.  The  knowledge  of  instantaneous  dipo¬ 
le  moments created  by  the  motion  of  positive  against  negative  ions,  by  infrared  reflec¬ 
tivity  spectroscopy,  gives  information  not  only  on  polar  optical  modes  and  their 

splitting  into  TO  and  LO  components,  but  also  on  the  effective  charge  Ze.  We  will  use 

2 

the  charge  Ze  introduced  by  Scott,  which  is 

related  to  the  Szigeti  effective  charge  e 

1/2  8 
via  Ze  =  e  (e^+2)/3  tj  ,  where  £_  is  the 

high  frequency  dielectric  constant.  Ze  is  the 

dynamic  effective  charge  and  incorporates  the 

effects  of  polarisabilities  and  local  fields. 

The  dynamic  effective  charge  has  been  measu- 

3 

red  in  hamopolar  crystals  such  as  graphite 
for  example,  and  found  to  be  finite  wh  reas 
the  static  charge  is  obviously  zero. 

The  TO  and  LO  frequencies  as  derived  by 
Cochran,4  are  thus  rewritten 


flB.  1  ■  Temperature  dependence  of 
dm  soft  mode  frequency  in  the  cubic 
R  phase  of  oxidic  perovskitee. 


a£j  -  k/y  -  (Ze)  /  3*evV  (1) 

nLO  *  *  2  {t*)2  1  3wevv 
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(2)  minus  (1)  yields 

4  -  4  - (ze)2 1  >%v  (3) 

2 

a  relation  which  has  been  generalized  by  Scott 
in  the  form 

Z^L0-4o)«  “  'evV)_1  <4> 

j  k 

where  e  is  the  dielectric  constant  of  vacuum 
v 

and  the  sum  on  the  right  side  is  over  all  k 
ions  of  mass  in  the  elementary  volume  V. 

The  temperature  dependence  of  effective  charges 
along  a  polarization  a  can  thus  be  accurately 
deduced  from  that  of  TO  and  U)  frequencies.  In 
strongly  polar  crystals  such  as  oxidic  perov- 
skites,  the  contribution  of  the  heavily  damped 
soft  TO  mode  to  Eq. (4)  amounts  to  < 1%  that  of 
the  weakly  damped  high-frequency  ID  mode  in  the 
cubic  phase  just  above  the  temperature  of  tran¬ 
sition  to  the  tetragonal  phase.  It  is,  therefo¬ 
re,  reasonable  to  renormalize  the  frequencies 
in  Eq. (4) ,  which  has  been  derived  in  the  harmo¬ 
nic  approximation,  to  account  for  anharmonic 
corrections.  Results  for  the  temperature  depen¬ 
dence  of  the  soft  mode  in  the  cubic  PE  phase  of 

SrTiO,,  BaTiO  ,  KNbO,  and  NaNbO.  as  obtained  by 
j  4  5—8  ^ 

the  authors  and  coworkerB,  are  summarized  in 
rig.  1.  Data  have  been  deduced  from  i.r.  reflec¬ 
tion  spectra  recorded  with  a  repetitive  Fourier 
spectrometer  and  analyzed  with  the  factorized 
form  of  the  dielectric  function.  In  such  a  sys¬ 
tem,  the  frequency  accuracy  is  much  better  - 

which  is  most  important  in  Eq. (4)  -  than  in  conventional  spectrometers  since  cali- 

-1  9 

bra ted  by  comparison  with  that  of  a  He-Ne  laser  and  reaches  0.02  cm  .  It  was  found 
that  a  crossover  from  a  regime  which  has  the  classical  dlsplaclve  soft  mode  behavior 
to  a  regime  whose  features  are  better  described  in  the  lan^iege  traditionnally  re¬ 
served  for  order-disorder  systems , ^  occurs  above  the  temperature  of  the  cubic  -  te¬ 
tragonal  transition  so  that  this  is  finally  not  the  soft  mode  which  triggers  the 
phase  transition  but  rather  hopping  motions  of  ions  in  a  triple-well  potential. 

The  displacement  of  Ti  ion  with  respect  to  the  oxygen  octahedron,  which  occurs  at  Tc 
in  MTlOj  is  however  visualised  in  Fig.  2  on  inspection  of  the  masked  and  sudden  de¬ 
crease  of  Z^  and  which  is  ascribed  to  the  shortening  of  the  Ti  -  O  length  along 
the  PX  axis.  Perpendicular  to  the  direction  of  spontaneous  polarisation,  no  signifi¬ 
cant  change  of  effective  charge  is  observed  over  a  wide  temperature  range,  consis- 


Flq.  2  :  Temperature  dependence  of 
effective  charges  in  BaTi03  and 
KNb03  with  Z^-  1.5  and  Z 


1. 
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Fig.  3  :  Effective  charges  in 
NbC>2 ,  measured  parallel  (//) 
and  perpendicular  (  1 )  to  the 
direction  of  Nb-Nb  pairing. 


tent  with  the  fact  the  Ti  ions  occupy  the  centro- 
synmetric  site  of  the  plane  in  both  phases,  at 
least  with  the  largest  probability.  The  same  is 
found  in  KNbO^  perpendicular  to  the  direction  of 
spontaneous  polarization  (B^  modes)  in  the  ortho¬ 
rhombic  FE  phase  by  comparison  with  the  cubic  PE 
phase  as  shown  in  Fig.  2,  whereas  significant  de¬ 
creases  of  charges  have  oc cured  in  other  direc¬ 
tions  where  certain  Nb  -  0  distances  are  thus 
confirmed  to  be  shorter,  in  the  FE  phase.  Let  us 
briefly  recall  that  this  method,  which,  therefore, 
turns  out  to  constitute  a  sensitive  probe  of 
(even  small)  ionic  displacements,  have  also  been 
successfully  applied  to  the  cases  of  ferroelec¬ 
tric  LiTaO,  and  LiMbO. 


^  and  niobium  dioxide. 13 


■>2  •***•  1 
In  the  latter  case,  the  low-temperature  phase  is 
essentially  characterized  by  pairing  of  Nb  atoms 


two  by  two  along  the  c  axis.  Such  a  pairing  reduces  the  effective  charge  Z^  in  this 
direction  with  respect  to  Zj_  as  shown  in  Fig.  3.  Z^  would  increase  and  tend  towards 
z  ^  at  the  temperature  of  transition  to  the  high-temperature  rutile  phase  which  occurs 
at  1080  K  (in  agreement  with  the  observation  of  isotropic  charges  in  other  rutile 
oxide  compounds)  but  this  increase  is  masked  by  a  decrease  of  i  30*  of  both  charges 
which  is  understood  as  a  consequence  of  the  progressive  delocalization  of  electrons 
consistent  with  a  change  from  semiconducting  to  metallic  character  which  occurs  at 
the  1080  K  transition. 
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E  (x)  -  Aj(z)  OBLIQUE  PHONONS  IN  TETRAGONAL  BaTiOj 

T.  Nakamura,  S.  Kojina* ,  M.S.  Jang,  M.  Takashige  and  S.Itoh** 

I.S.S.P.,  Univ.  of  Tokyo,  Japan 
*Inet.  Appl.  Phye . ,  Univ.  of  Teukuba,  Japan. 

**Tokyo  Imt.  of  Poly  technique,  Japan. 


Abstract  -  The  polarized  Raman  scattering  measurements  from 
tetragonal  BaTi(>3  were  made,  with  incident  and  scattered  light 
polarized  both  in  (x,z)  scattering  plane,  having  a  crystal 
rotated  about  y-axis  perpendicular  to  the  plane.  The  Raman 
spectra  were  obtained  at  k,k  =  120°  scattering  geometry .  Our 
experimental  results  of  angular  dependence  of  oblique  phonon 
frequencies  were  analysed  by  the  Merten's  theory. 


1. Introduction  -  BaTiO-j  crystals  have  the  cubic  perovskite  structure 
with  point  group  m3m  above  T  ( ;133°C) .  It  transforms  successively  to 
three  ferroelectric  phases:  first  to  4mm  tetragonal  at  Tc,  then  to  mm2 
orthorhombic  at  6°C,  and  finally  to  a  3m  trigonal  phase  at  -90°C.  The 
polarization  direction  in  the  three  ferroelectric  phases  is  [001] , 
[Oil]  and  [111] ,  respectively. 

The  irreducible  representations  are  3Tlu  +  T^  +  T^u (acoustic) 

in  the  cubic  phase.  In  the  tetragonal  phase,  the  T^u  modes  of  cubic 

phase  split  into  SA^^  +  3E  modes,  and  the  T2u  modes  into  a  B1  and  an  E 

mode.  The  four  E  optic  modes  in  the  tetragonal  phase  have  the  Raman 

polarizability  tensor,  a  or  a  for  the  x-  or  y-  polarized  phonon, 

xz  y* 

respectively.  And  A.  mode  has  e ,  a  and  a  of  the  Raman  polari- 

x  xx  yy  zz 

zability  tensor  for  the  z-polarised  phonon.  A  phonon  of  which  wave 
vector  is  in  a  direction  that  makes  an  angle  of  0*<8<90*  to  the  z- 
axis,  is  an  oblique  phonon,  where  6  is  the  angle  between  the  phonon 
wave  vector  and  z-axis.  The  polar  phonons  at  9  *  0°  are  B(x)TO  and 
A1 (») LO  phonons,  and  tt  6  ■  90*  A^ (z) TO  and  E (x)LO  phonons.  Marten 
presented  the  general  formula  for  the  angular  dependence  of  oblique 
phonon  frequencies  and  calculated  the  mode  frequencies  of  S -oblique 
phonon  branches  using  the  infrared  reflectivity  spectra2-** on  flux 
grown  crystals.  In  this  work,  in  order  to  obtain  Raman  spectra  of 
the  oblique  phonons ,  we  made  measurements  on  a  melt  grown  crystal  at 
the  optical  geometry  with  phonon  wave  vector  in  the  (x,z)  plane,  and 
we  discuss  this  experimental  results  on  the  basis  of  Merten's  calcu¬ 
lated  results. 


C6-419 


2. Experiment  -  A  melt  grown  BaTiOj  single  crystal  was  obtained  from 
Sanders  Associates.  The  size  of  sample  used  was  about  4.5mm  x  6.5mm 
x  5. Omm (5. Omm  along  the  z-axis) .  Sample  was  excited  300  mM  Ar-ion 
laser  light  at  5145  A.  The  geometry  for  observing  the  Raman  scattering 
peaks  in  the  (x,z)  plane  was  shown  in  Fig.l.  The  incident  light  vector 
and  the  scattered  light  vector  jtg  were  fixed.  The  angle  between  k^ 
and  k  was  120°.  The  sample  was  held  on  a  goniometer  which  is  horizon- 
tally  rotatable  within  the  accuracy  of  +0.1®.  The  angle  6  is  varied 
by  rotating  the  sample  about  the  y-axis. 


3. Results  and  Discussion  -  The  Raman  spectra  of  kjk  »  120®  scattering 
geometry  obtained  at  several  angle  0  are  shown  in  Fig .  2 .  The  line  shape  is 
similar  to  A^(z)to  phonon  spectrum  at  0-76.9®  and  the  peak  frequencies 
shift  to  the  low  frequency  as  0  is  decreased.  In  order  to  investigate 
these  spectra,  we  wrote  Merten's  generalized  formula  in  to  the  form: 


tan20  = 


oo 

El 


n  {  (ujLO)  2  _ 
1-1 ' 'ai' 


ili«-K>* 


«2> 


w2) 


UiZ) 


(1) 


TO  LO 

where  and  are  A1(z)TO  and 
Aj^z)!/}  phonon  mode  frequencies, 
w|®  and  are  E(x)TO  and  E(x)LO 
phonon  mode  frequencies, respective¬ 
ly.  m  and  n  denote  the  number  of 
E(x)TO(or  E(x)LO)  and  A^(s)TO(or 
Ajtz)!/))  polar  modes  with  the 
phonon  wave  vectors  in  the  (x,z) 
plane. 


FRBXJENCY  SHFT  (cm-*) 


Fig. 2  OsgelsT  dspandsaca  of  ehs  lansn 
spectra  at  -  120* 


! 
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The  phonon  modes  E(x)TO  and  A^fzJLO  at  6  =  0°  were  obtained  by 
the  y(z,x)y+Az  and  y(z,z)y+Az  geometry,  respectively.  The  A^tzJTO  and 
E(x)LO  phonon  modes  at  9=90°  were  obtained  by  the  y (z ,z)y  and  y (x, z)y+Ax 
spectra,  respectively.  We  calculated  angular  dependence  of  each  oblique 
phonon  frequency  by  substituting  the  mode  frequencies  into  Eq. (1)  using 
a  computor.  The  results  calculated  are  shown  by  the  solid  line  in 
Fig. 3.  In  increasing  9  from  0°  to  90°,  among  seven  branches , (1) two 
remain  TO  all  the  way  through,  TO-TO;  (2) two  remain  LO  all  the  way 
through,  LO-LO;  (3)Two  change  from  TO  to  LO,  TO-LO;  and  (4) one  changes 
from  LO  to  TO,  LO-TO. 

In  Fig.  3,  the  solid  circles  are  peak  frequencies  of  oblique  phonon 
spectra  found  in  Fig . 2 .  Our  experimental  results  of  angular  dependence 
of  oblique  phonon  frequencies  are  good  agreement  with  Merten's  calcu¬ 
lated  results  except  for  the  lowest  oblique  phonon  branch,  E(x)TO  - 
A  (z)TO  and  the  phonon  branch  A. (z)LO  (191cm-1  at  9  -  0°)  -  A  (z)TO 
(280  cm  at  9  =*90°).  The  reason  why  these  peak  frequencies  deviate 
from  the  solid  line  is  attributed  to  the  influence  of  the  overdamped 


£ (x) TO  soft  phonon  which  comes  from  the  T^u  mode  at  the  cubic  phase 


and  that  of  the  broad  peak  of 
A^zJTO  at  276  cm-.1  Since  Merten's 
treatment  does  not  take  account  of 
damping,  our  experimental  plots  of 
the  frequencies  of  oblique  phonon 
modes  of  which  damping  are  high 
deviate  from  the  solid  curve.  The 
analysis  of  the  influence  of  damp¬ 
ing  is  in  progress. 
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RAMAN  SCATTERING  FROM  AMORPHOUS  STATE  OF  FERROELECTRIC  PbTi03  AND  ITS 
CHANGE  IN  THE  CRYSTALLIZATION  PROCESS 


T.  Nakamura,  M.  Takashige  and  Y.  Aikawa 
I.S.S.P. ,  Un-iv.  of  Tokyo,  Japan. 


Abstract  -  Amorphous  state  of  PbTiO,  has  been  prepared.  DTA , 
optical  and  electron-microscopic  investigations  has  clarified 
the  crystallization  temperature  and  the  devitrification  phenome¬ 
non.  In  Raman  spectra,  low-lying  response  is  found  in- the 
amorphous  state,  and  the  ferroelectric  soft  mode  is  found  when 
it  is  crystallized. 


Tsuya  et  al^  first  prepared  amorphous  flakes  of  ferroelectric 

PbTi03  by  a  roller  quenching  method.  Confirmation  of  their  being 

really  amorphous  and  neither  crystallites  nor  ceramics,  has  been  made 

2) 

by  Uno  using  X-ray  diffraction  method. 

Glass  and  Nassau  independently  prepared  amorphous  flakes  of 
crystals  such  as  LiNbO^,  LiTaO^,  and  reported  unexpected  high  values 

105  of  dielectric  constant  in  the  vicinity  of  crystallization  temper- 
31 

ature.  Lines  published  a  theory,  stating  that  the  amorphous  state  of 


ferroelectrics  having  high  symmetry 

4) 

have  ferroelectricity. 

He  prepared  amorphous  flakes 
of  pure(99.9%)  PbTiO^  by  the  twin 
roller  quenching  method,  without 
adding  "glass  formers".  Confirm¬ 
ation  of  being  really  in  the  amor¬ 
phous  state  is  made  by  x-ray 
diffractions.  EXSAPS  study  is  in 
progress  by  Terauchi  et  al. 

Amorphous  flakes  obtained 
are  about  20  u  thick,  transparent, 
and  optically  isotropic,  with 
yellowish  color. 

On  heating  the  as-quenched 
material,  DTA  does  not  find 
anomaly  at  the  ferroelectric 
Curie  point (490°C)  but  does  find 


structure  such  as  perovskite  may 


Figure  1 
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a  sharp  exothermic  peak  at  the  crystallization  temperature  T 
=  5408C (Fig. 1) . 

The  devitrification  phenomenon  is  observed,  when  as-guenched 
flake  is  heated  up  to  about  950°C?^ 

The  Reiman  scattering  experiments  were  made  on  the  pellets  as 
described  above? '  ^ 

Fig. 2 (A)  shows  Raman  spectrum  from  as-guenched  material.  Soft 
mode  does  not  exist,  background  is  high,  and  several  broad  peaks  exist. 

Fig.2(B),(C)  and  (D)  show  effect  of  heat  treatment  on  Raman 
spectra. 

The  freguency  of  the  damping  of  the  soft  mode  is  a 

With  increasing  the  anneal¬ 
ing  temperature ,  the  soft  mode  becomes  sharp  and  hard,  other  modes 
than  the  soft  mode  become  sharp,  and  the  background  decreases.  If  the 


After  heat  treatment  at  a  temperature  above  T  ,  soft 

cry  b 

mode  appears. 

function  of  annealing  temperature  (T^) . 


annealing  temperature  is  =  T 
starting  material. 


crys 


spectrum  is  same  as  that  from  the 


FREQUENCY  SHIFT (cm"1) 


7;,‘  ’ 


Figure  2 


Figure  3 
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High  resolution,  low  wave-number  spectra (using  Jobin  Yvon  Ramanor 

HG-2S)  show  low-lying  response.  Fig. 3  shows  the  low  wave-number 

spectra  from  samples  which  had  been  annealed  at  various  temperatures . 

When  samples  had  been  annealed  at  temperatures  lower  them  T  , broad 

cry  8 

low-lying  peak  was  observed.  This  peak  is  difinitely  distinct  from 
the  ferroelectric  soft  mode,  which  is  observed  when  a  sample  is 
annealed  above  TcryS*  Theoretical  investigations  on  this  low  frequency 
atonic  vibrations  in  the  amorphous  state  atract  much  interest. 
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STUDY  OF  "PURE*  KTa03  AND  KTN  SINGLE  CRYSTALS  BY  THERMAL  CONDUCTIVITY 
MEASUREMENTS  DOWN  TO  50  mK 

B.  Salce,  A.M.  De  Goer  and  L.A.  Boatner* 

Service  dee  Basses  Temperatures,  Laboratoire  de  Cryophysique,  Centre  d' Etudes 
Rucldaires  de  Grenoble,  85  X,  38041  Grenoble  Cedex ,  France. 

*Sol.  State  Division,  Oak  Ridge  Rational  Laboratory,  Post  Office  Box  10,  Oak 
Ridge,  Tennessee  37830,  U.S.A. 

ABSTRACT  -  We  have  measured  the  thermal  conductivity  of  pure  and  doped  (Nb, 

Na,  Li,  Co,  Ag,  etc...)  KTa03  single  crystals  to  investigate  the  induced  fer¬ 
roelectric  phase  transition  mechanisms.  The  strong  phonon  scattering  observed 
in  the  "purest"  KTa03  is  tentatively  explained  as  well  as  the  enhancement  of 
this  scattering  by  substituing  Nb  in  the  crystals.  Results  of  preliminary 
numerical  analysis  of  the  curves  are  given. 

In  recent  years,  a  substantial  amount  of  work  has  been  undertaken  to  understand  the 
mechanisms  by  which  a  ferroelectric  phase  transition  (FPT)  can  be  induced  by  adding 
impurities  in  "incipient  ferroelectrics"  such  as  KTa03  (1).  Several  authors  have 
shown  that  the  mixed  crystals  KTa  Nbx  O3  (KTN)  can  undergo  a  FPT  at  a  tempera¬ 
ture  Tc  depending  on  x  for  x  >  xc  *  0.8  X,  but  a  number  of  questions  of  interest 
about  nucleation  and  dynamic  of  FPT  are  not  answered  yet  (2).  Also  the  origin  of  the 
disorder  induced  Raman  scattering  observed  in  pure  KTa03  is  not  well  understood  (3). 
Experimental  -  We  have  studied  single  crystals  of  KTa03  (pure  or  doped  with  different 
ions)  and  KTN  crystals  (0  <  *  <  3  X)  by  measuring  the  thermal  conductivity  K(T)  in 
the  temperature  range  from  50  mK  to  200  K,  as  .this  property  has  been  shown  suitable 
to  investigate  samples  with  both  Isolated  ions  and  extended  defects. 

All  crystals  were  grown  by  a  flux  technique  and  preliminary  results  on  KTa03,  pure 
or  doped  with  Ag  or  Cu,  and  KTN  crystals,  have  been  previously  reported  (3).  In  the 
present  work,  other  crystals  doped  with  Co,  Ni ,  Fe,  Na  and  Li  have  been  measured, 
and  the  effect  of  heat  treatments  on  pure  KTa03  has  also  been  studied.  The  results 
are  Illustrated  in  figures  1  and  2  and  can  be  summarized  as  follows  : 

(a)  The  strong  phonon  scattering  observed  in  "pure"  KTa03  is  not  significantly 
changed  by  (1)  adding  paramagnetic  impurities  such  as  Co,  NI,  Ag  or  Cu  at  con¬ 
centrations  lower  than  .5  X  (11)  annealing  in  air  or  vacuum  (ill)  applying  a 
magnetic  field  up  to  7  Teslas  (fig. 2  ;  note  the  enlarged  scale  compared  tofig.1). 

(b)  This  scattering  Is  slightly  Increased,  together  with  a  change  of  shape,  byaddlig 
1.5  X  iron  or  0.3  X  Li  ;  the  curves  are  similar  to  that  of  a  semiconducting 
sample  (fig. 2). 

(c)  A  strong  enhancement  of  the  scattering  depending  of  the  concentration  of  the 
dopant,  and  without  change  In  shape,  is  observed  in  KTN  and  Ki.xNaxTa03  (fig.l) 

One  crystal,  namely  1  X  lithium-doped  KTa03,  cannot  fit  in  this  scheme  :  Its  beha¬ 
viour  around  7  K  is  quite  the  same  than  the  .3  X  Li  doped  crystal,  but  below  .7  K 


Figure  1 

it  exhibits  a  K(T)  ^  Tz  law  which  Implies  additional  phonon  scattering  In  this  tem¬ 
perature  range  similar  to  that  observed  In  glasses. 

Discussion  -  From  these  results.  It  Is  clear  that  scattering  In  "pure"  KTa03  cannot 
be  due  to  Isolated  defects  such  as  paramagnetic  impurities  or  oxygen  vacancies  or 
hydrogen.  The  other  point  Is  that  Nb  and  Na  doping  lead  to  qualitatively  comparable 
effects  ;  this  Is  not  the  case  for  Li,  confirming  the  pecularlty  of  this  system  (es¬ 
pecially  at  concentrations  around  l*),wh1ch  has  been  claimed  by  several  authors  (5)(6). 
Therefore  we  suggest  that  phonon  scattering  In  "pure"  KTa03  arises  from  very  smell 
quantities  of  electric  dipoles  induced  by  residual  end  unavoidable  Nb  or  Na  (namely 
10  ppm,  from  the  more  accurate  available  analysis).  These  dipoles  can  locally 
polarize  the  lattice  over  several  atomic  distances  via  long  range  Interaction. 

It  can  be  expected  that  these  extended  defects  are  strongly  coupled  with  phonons. 

This  scattering  must  be  nearly  concentration  Independent  as  long  as  no  overlap  bet¬ 
ween  the  perturbed  regions  takes  place.  From  the  less  concentrated  Nb -doped  crystals 
measured  (.15*  and  .3*)  we  can  roughly  estimate  at  'v  1000  ppm  the  mean  concentration 
to  achieve  overlap  so  that  the  radius  of  one  perturbed  region  would  be  5-10  atomic 
distances.  Increasing  the  Nb  concentration  results  In  an  extension  of  the  "ordered* 
part  of  crystal,  until  x  ■  xc  where  the  whole  sample  becomes  ferroelectric  over  this 
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critical  concentration.  Supplementary  Nb  do  not  play  any  role  otherwise  acting  as 
ponctual  defects  at  high  temperature.  Although  the  measurements  on  Kj_xNaxTa03  crys¬ 
tals  are  not  so  comprehensive  and  that  the  determination  of  reliable  Na  concentration 
Is  still  a  major  problem.  It  can  be  expected  that  a  quite  similar  Interpretation 
holds  for  this  system. 

Preliminary  computer  calculations  have  been  done  within  the  Callaway  model.  All  the 
Nb  and  Na-doped  crystals  can  be  fitted  using  a  total  relaxation  time 
t'1  (u,T)  »  v/aL  +  Aw4  +  (w,T)  +  +T 

where  v/aL  Is  the  boundary  scattering  term  calculated  from  the  size  of  the  samples, 
Aui4  the  point  defect  scattering  and  t"i  Is  given  by  the  phenomenological  expression  : 


(w,T) 


»2  .  f(T)  with  f(T) 


exp 


-a  [(T-To(x))/To(x)]  jif  T<To(x) 


y 


|^exp  £-8  [T  -  To  (x)]J  if  T  >To(x) 


The  parameters  needed  to  fit  the  adjustements  shown  in  figure  1  are  listed  in  the 
table  1. 

Table  1 


"Pure" 

.15  X  Nb 

.3  *  Nb 

3  *  Nb 

Na 

°(X)  (S_1) 

3.106 

107 

3  x  107 

2.5  x  108 

2  x  107 

a 

2.6 

2.6 

2.2 

1.3 

3.2 

8 

.  15 

.  3 

.  22 

.  18 

.  22 

T0  (K) 

8 

7.2 

6 

.  35 

8 

It  can  be  seen  that,  although  x  Is  changing  by  a  factor  20  for  the  KTN  samples, 
a  and  8  are  nearly  constant  within  a  factor  of  2.  The  parameter  To  decreases  contl- 
nously  down  to  *  OK  as  x  Increases.  If  we  suppose  that  To  defines  very  crudely  the 
wavelength  of  the  most  strongly  scattered  phonons,  this  wavelength  Increases  with  x 
and  can  be  related  to  the  extension  of  the  "ordered"  part  of  the  crystal.  Also  the 
value  T0  ■  8  K  for  pure  KTa03  leads  to  a  perturbed  volume  of  about  8  unit  cells,  in 
agreement  with  the  qualitative  estimation  given  above. 
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SOFT-MODE  SPECTRA  AND  PHASE  TRANSITION  IN  KDP  CRYSTAL  WITH  ADP 
IMPURITIES 


Jong- Jean  Kin,  Jong-Wook.  Hon  and  Byoung-Koo  Choi 

Physios  department,  Korea  Advanced  Institute  of  Science  i  Technology,  P.0.  Box 
ISO  Chongyangni,  Seoul,  Korea. 

Abstract.  —  On  the  basis  of  the  q-dependent  coupling  Interactions  between  the 
proton  pseudo-spin  node  and  the  lattice  phonon  mode  we  could  explain  qualita¬ 
tively  the  observation  that  the  ferroelectric  transition  temperature  of  the 
KDP  crystal  was  lowered  as  the  ADP  Impurity  concentration  In  the  crystal  was 
Increased. 


1.  Introduction  -  Impurity  effects  on  the  dynamical  aspects  of  the  phaBe  transition 

—————  (12) 

In  KDP  type  crystals  have  been  a  great  concern  of  many  research  workers.  ’  The 

local  soft-modes  of  the  clusters  around  Impurities  are  known  to  have  a  higher 

/a  #  V 

softening  temperature  T*  well  above  T  of  the  crystal  soft-mode.  '  ' 
o  o 

When  the  impurity  dependent  cluster  concentration  or  the  temperature  dependent 

cluster  size  increases  to  the  extent  that  the  nearest  neighbor  clusters  begin  to 

interact,  the  local  soft-modes  of  the  clusters  will  be  correlated  in  phase  to  turn 

into  the  extended  aoft-mode  of  the  crystal,  and  thereby  a  possible  raising  of  the 

softening  temperature  as  impurity  concentration  Is  Increased. 

However,  we  observed  from  the  dielectric  constant  measurements  that  T  was 

c 

lowered  by  2.9  K  when  ADP  Impurities  were  doped  Into  KDP  crystal  by  0.13%  (Fig.  2). 


2.  Soft-Mode  Spectra  vs.  Phase  Transition  In  KDP 


Fig.  1(a):  a(ba)c  Raman  spectra  of  KDP 
crystal,  —  at  299. A  K,  ••••  at  131. A  K 
and  —  at  124.9  K. 


Fig.  1(b) t  a(ba)c  low  frequency  Raman 
spectra  of  ADP  crystal  at  room  tempere- 
ture. 
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The  soft-mode  Raman  spectra  of  KDP  and  the  Raman  spectra  of  ADP  obtained  in  the 

same  scattering  configuration  are  compared  in  Fig.  1.  This  wing  spectrum  of  the 

soft-mode  continues  to  remain  until  90  K  much  below  the  transition  temperature  122 

kP^  The  phonon  band  at  180  cm  *of  KH^PO^  does  shift  significantly  when  K  or  P  atom 

is  exchanged  by  different  atoms-  145  cm”1  for  KH.A  0,  and  100  cm-1  for  C  H„A  0, 

2  s  4  s  2  a  4 

From  Fig.  1(b)  we  can  see  that  in  ADP  both  the  overdamped  wing  and  the  phonon 
band  are  extremely  weak,  and  we  see  an  obvious  coupling  between  the  soft-mode  and  a 
lattice  phonon  mode  in  KDP-type  crystals.  The  uncoupled  soft-mode  frequency  depen¬ 
dence  on  temperature  obtained  from  the  two-oscillator  coupled  mode  analysis  can  be 
Interpreted  either  as  u>_  of  the  coupled  pseudo  spin-phonon  soft  mode  or  as  of  the 
bare  pseudo-spin  soft-mode  depending  on  whether  we  consider  the  180  cm  *  oscillator 
as  another  simple  phonon  of  Bj  symmetry  or  as  the  K-PO^  lattice  w+  vibration  of  the 
coupled  soft-mode.  !Je  have  the  temperature  dependence  of  0^  »  AfT-T^)  different 

from  that  of  «  ,  ■  B(T-T  ).  Another  difficulty  arises  that  the  same  observed 

c  .  . 

spectra  m'.y  be  fitted  equally  well  by  a  number  of  solutions  ,  and  Indeed  we  have 

(8) 

many  different  results  reported'  ,for  the  temperature  dependence  of  the  KDP  soft- 

mode,  T  from  30  K  to  117.1  K.  Scarparo  et  alf^  recently  emphasized  the  non-linear 

°  2 
behaviour  of  the  soft-mode,  denunciating  the  fits  to  the  u)  -  K(T-T  )  behaviour. 

o  o 


Extension  of  Kobav 


model  -  The  q-dependent  coupling  interaction  of 


Kobayashl ' 


can  be  written  as 

N  , 


•T  -  5?  i.f..  v^i  '  *i>  <*  -  .-1-*  > 

-  jfj  t  f/d3q'  $elq' •(»!  _  Xj)  }  «**•<*)  -  *1>(1  _  e_19'a)  for  rdp  crystal, 

where  one  KDP  per  unit  cell  is  assumed,  the  Coulomb  interaction  energy  between  the 
i  t*1  proton  and  the  J  th  ion,  v(x^  -  Xj),  is  Fourier  transformed  and  a,  the  distance 
between  the  two  minima  of  the  double  well  potential,  and 

CP  *  m  {/d3q'  ^  ?  "  ij)}  •  "  *1>(1  -  «_1H(1  - 

for  ADP  crystal,  where  X  is  the  distance  between  the  two  ADP  molecules  in  the  primi¬ 
tive  unit  cell  involved  in  the  aatiferroelectrlc  ordering.  Suppose  an  impure  KDP 
crystal  where  ADP  impurities  are  homogeneously  distributed  so  that  an  ADP  molecule 
sees  another  ADP  molecule  at  every  n-th  nearest  neighbor  site  and  KDP  molecules  in 
between.  As  in  the  case  of  antiferromagnetic  impurites  in  a  ferromagnetic  crystal 
where  the  antiferro  interaction  persists  even  at  large  distances  between  impurities 
and  a  spin  glass  transition  occurs ,  we  assume  the  ADP  impurities  persist  to  con¬ 
tribute  the  antiferro  pseudo  spin  interactions.  Then  we  haye,  for  the  ADP-doped 
KDP  crystal  where  the  unit  cell  ham  two  ADP  and  (2n-2)  KDP  molecules, 

Fq  “  W  i  |-l  eiq''(xi“^j)}elq'(Xj"xi)»{l  +  e~iq'^  +  e“lq*^  +  ... 

+  #-iq.(2n-2)X  _  ^-iq.(2n-l)ifj  _  #-iq.Sj  ^ 
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and  we  obtain 

| | 2  «  4n2(l/4n2)2{6  -  4cos(2n-l)q«A  +  2coa2nq»^  -  4cos  q»X}(l  -  cos  q.a) 

(  1  -  cos  q*X  ) 


ehq 


Fig.  2:  Temperature  dependence  of  di¬ 
electric  constant  it  f  •  1  KHz;  ’(pure), 
x(0. 13Z  ADP) 


In  the  Halt  of  q  -*■  0,  as  for  Ranan 
scattering,  this  Is  reduced  to  give 

|F'|2  «  <n-l)2/n2 

-  1  -  2/n  +  l/n2  -  (1  -  2p1/3  +  p2/3), 

where  the  first  tern  1  corresponds  to 
jpKDP|2  pUr(  Kop  ai>d  p,  the  ADP  im¬ 
purity  concentration  per  unit  volume. 
(O) 

Meanwhile,  we  have 

T  -  T  +  I1F2/ic  Q2  , 

c  o  Bo 

and  substituting  F'  for  F  we  obtain 

T*  -  T  -  op1/3  +  Sp2/3,  p  «  1 
c  c 

Thus  we  can  see  the  ferroelectric  tran¬ 
sition  temperature  la  reduced  as  ADP 
impurity  concentration  P  Is  increased, 
as  depicted  In  Fig.  2. 
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HYPER-RAMAN  SCATTERING  STUDY  OF  FERROELECTRIC  PHASE  TRANSITIONS  IN 
SrT103  AND  BaT103 


K.  Inoue  and  N.  Asai 

Department  of  Physios,  Faculty  of  Soienoe,  Shizuoka  University,  836  Ohya, 
Shizuoka  422,  Japan. 

Abstract.-  We  have  directly  observed  the  "ferroelectric"  Eu  and 
A2u  soft  modes  In  SrTi03  separately  In  a  temperature  range  from 
50  K  to  4.5  K  by  the  hyper-Raman  scattering  method.  Variation  of 
the  respective  mode  frequencies  with  temperature  Is  measured  and 
Is  compared  to  that  of  the  dielectric  constant.  Further,  It  Is 
found  that  the  Intensity  of  hyper-Rayleigh  scattering  light 
drastically  Increases  as  the  temperature  Is  lowered  till  4.5  K. 

As  for  BaTiO^,  the  hyper-Raman  spectra  in  the  cubic  phase 
have  been  measured  with  special  emphasis  on  the  spectral  profile 
of  the  seemingly  overdamped  mode.  The  present  result,  however, 
seems  to  contradict  the  existence  of  the  soft  mode. 


1.  Introduction.-  All  phonon  modes  classified  into  3Flu+  F2u  in  the 
cubic  phase  (0^)  of  SrTIO,  and  BaTiO,  are  not  Raman-active  but  hyper- 


Raman-active  at  the  Brilloulq  zone 


center.  In  the  tetragonal  phase 


Fig.  2.  A  plot  of  the  observed 
mode  frequency <0* versus  temperature 
in  SrTlOv.  The  inset  shows  a  com¬ 
parison  of  with  £“*  (  solid 
lines  )  in  ref.  4. 
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(D^)  of  SrTlOj  below  105  K,  the  Eu  and  A2u  soft  modes  stemmed  from 
the  lowest  Flu-TO  mode  are  still  hyper-Raman-active.  Consequently , the 
hyper-Raman  scattering  (  abbreviated  as  HRS  )  should  provide  a  useful 
tool  for  studying  the  "ferroelectric"  soft  mode,  if  any. 

2.  Experiment . -  A  standard  Q-switched  Nd^YAG  laser  was  employed  at  a 
repetition  rate  of  400  pps  to  excite  the  HRS  at  a  level  of  peak  power 
less  than  5  kW.  The  sample  of  SrTiO^  was  prepared  in  such  a  form  as 
allowing  to  observe  the  phonons  having  the  wavevector  q  parallel  to 
one  of  the  crystallographic  axes  even  in  the  multi-domain  state  below 
105  K.  The  form  of  the  BaTiO^  sample  is  such  that  the  phonons  of  (j  / 
<100>  or<110>  can  be  measured  in  the  cubic  phase  above  128°C.  The  HR 
spectra  of  both  cases  were  measured  in  the  right-angle  geometry  by 
using  a  home-made  detection  system  with  a  gated  photon-counter. 

3.  Results  and  Discussion.-  a)  SrTiO.,-  Examples  of  the  unpolarized 

.  j 

Stokes  HR  spectra  below  100  cm  are  shown  in  Pig.  1, where  the  hori¬ 
zontal  scale  is  plotted  as  the  shift  relative  to  the  harmonic  frequen¬ 
cy  of  the  laser  2<#J,.  It  is  found  that  around  50  K  the  soft  mod^  starts 
to  split  Into  two  spectral  lines, the  separation  of  which  becomes 
larger  as  the  temperature  T  is  lowered.  The  higher-  and  lower  frequen¬ 
cies  can  be  assigned  to  those  of  the  Agu  and  Eu  modes  respectively,  on 
the  basis  of  a  comparison  with  HR  spectra2  observed  in  the  forward 
direction.  This  assignment  agrees  with  an  anticipation  by  pressure- 
induced  Raman  scattering^  The  result  on  the  mode  frequency  u)t  versus  T 


Elf.  3.  A  plot  of  the  intensity 
or  the  hyper-Rayleigh  scatter¬ 
ing  light,  Inversus  T  in 
3rTi0j. 


Pig.  4.  Examples  of  hyper-Raman 
spectra  for  <g#<lo6>in  BaTiO,. 

The  inset  shows  that  an  overdamped 
Lorentzlan  shape  (  solid  line  )  can 
be  fitted  to  the  data. 
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Thble 

I  Comparison  of  and  Au)  in  SrtlO^ 

Table  II 

Mode  frequency  in 
BaTi03  (  l60*C  ) 

present  work  anticipation  in 
(  5.7  K  )  ref.  3  (  2  K  ) 

ref.  1 
(  8.0  K  ) 

mode 

o 0  (cm-1) 

mode 

du)  -1 

(cm-1) 

TO-1 

D0-1 

TO-2 

D0-2 

10.3  1.3  9.1 

<  0.5 

j  185  cm 

462 

Apu 

19.3  0.8  19.1 

(not  split) 

TO-3 

490 

15.0 

13.8 

D0-3 

713 

(200  K) 

(230  K) 

312 

is  shown  in  Pig.  2.  The  spectral  line-width  dtd  of  both  modes  is  found 
to  become  narrower  as  T  is  lowered.  Values  at  5.7  K  and  200  K  are 
shown  as  an  example  in  Table  I.  A  comparison  of  the  result  (Os  versus  T 
with  the  existing  data**  of  the  dielectric  constants  E#  and  El  versus  T 
is  made  through  the  LST  relation  (Fig.  2).  A  considerable  discrepancy 
between  both  curves  is  recognized  at  low  temperatures.  However,  the 

■3 

present  values  at  5.7  K  are  very  consistent  with  the  deduced  ones. 

Next.it  is  found  that  the  relative  intensity  I2uJ#of  the  hyper- 
Rayleigh  scattering  light  rapidly  increases  as  T  is  lowered  (  Fig.  3). 
The  inverse  plot  of  I2(la,V8  T  resembles  very  much  that  of  £  recently 
reported"!  indicating  another  manifestation  of  the  quantum  effect, 
b)  BaTiO_-  Examples  of  the  HR  spectra  for  <g4Kl00>  in  the  cubic  phase 
are  shown  only  in  a  range  below  100  cm  in  Fig.  4.  Those  are  measured 
with  all  experimental  conditions  unchanged  except  the  sample  tempera¬ 
ture.  The  phonon  frequencies  observed  are  listed  in  Table  II.  It  has 
turned  out  that  the  spectrum  does  not  exhibit  any  remarkable  variation 
with  T  including  the  Integrated  intensity.  Similar  spectra  are  also 

observed  for  q^<110>phonon.  From  this  evidence  it  follows  that  the 
6  7 

existence * '  of  the  soft  optic  mode  related  to  the  cubic-tetragonal 
phase  transition  might  be  negative  in  the  present  work.  More  detailed 
study  on  this  problem  is  In  progress. 

The  authors  acknowledge  the  partial  support  by  the  Orant-in-Aid 
for  Scientific  Research  from  the  Ministry  of  Education  (  Japan  ) . 
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DYNAMICAL  STUDY  OF  PHONONS  IN  FERROELECTRIC  LEAD  TITANATE 


R.S.  Katiyar  and  J.D.  Freire 

Inetituto  de  Fisioa,  UNICAMP ,  13.100  Campinas,  S.P.,  Brazil. 


Aba tract.-  Lattice  dynamical  formalism  using  rigid  Ion  model  with  long  range 
coulomb  forces  and  short  range  axially  ay  Metric  forces  has  been  applied  to  the 
crystal  of  lead  titanate  In  tetragonal  phase.  All  cone  center  phonons  and  a 
for  sons  boundary  phonons  were  used  In  determining  the  force  constant  parame¬ 
ters  both  at  room  temperature  and  close  to  Tc  by  nonlinear  least  squares  analy¬ 
sis.  The  results  indicate  that  the  Ti-0  short  range  forces  are  at  least  one 
order  of  magnitude  larger  than  the  Pb-0  forces.  Moreover  oxygens  retain  an 
effective  charge  of  73Z  of  their  free  ion  value,  whereas  titaniums  possess  only 
67Z  of  their  free  Ion  charge.  The  eigenvector  calculations  of  the  lowest  optic 
mods  of  E-synmatry  correspond  to  the  prediction  by  Last,  whereas  In  BaT103  the 
computed  eigenvectors  confirm  the  description  of  the  soft  mode  due  to  Slater. 
The  parameters  obtained,  have  been  utilised  to  compute  elastic  and  piesoelac- 
tric  properties  of  PbTlO , .  The  calculations  of  the  sons  centre  phonons  near  Tc 
reveal  that  the  small  enharmonic  forces  could  lead  to  the  observed  frequency 
changes. 


The  Importance  of  lattice  dynamics  in  studying  the  structural  phase  transitions 
In  cubic  perovsklte  structures  was  first  realised  by  Cochran.1  No  work  has, 
however,  sppeared  In  literature  dealing  with  the  Interatomic  forces  In  tetragonal 
phase  and  their  variations  with  temperature.  Lead  titanate  Is  one  example  of  this 
class  and  undergoes  a  ferroelectric-paraelectrlc  phase  transition  at  493#C,  below 
which  the  crystal  symmetry  la  tetragonal  (c£y)  with  one  formula  unit  In  the  unit 
cell.  According  to  Shirans  at  el.2  the  unit  cell  structure  nay  be  described  by 
placing  Fb  (R-l)  at  the  cell  cornets,  Tl  (k**2)  at  (i,f,u)  and  oxygens  (R-3,4,5 )  at 
(i.i.v),  (1,0, w),  (O.i.w);  where  u  -  0.541,  v  -  0.112  and  w  -  0.612  with 
a q  *  3.904  A  and  c#  »  4.15  A.  Group  theoretical  analysis  for  sons  centre  phonons 
abeam  that  the  12  optical  nodes  should  be  classified  as  follows: 

3A.<rb,Ti,©>.  ♦  4*<rb,n,o)  ♦  ».<•) 

The  subscripts  X,y,s  denote  the  displacement  directions  eg  the  lone  Included  in 
bracket.  In  the  rigid  ion  formalism  the  potential  energy  of  aa  Ionic  ecyetal  can  be 
wrlttea  ae  the  earn  of  short  rang*  repulsive  and  loeg  range  eeuloab  f arose.  Par  lend 
titrate  considering  ion  pair  potentials  for  all  lataractiona  for  diet one aa  haw  than 
3.5  A,  the  short  range  part  of  potential  energy  a qr  bo  elaborated  as  fellows! 

♦g.g.  *  +  *  ♦as<ir2p  *  + 
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where  r'  are  second  neighbor  distances.  Each  short  range  potential  is  assumed  to  be 
of  axially  syaaetri c  type.  The  potential  minima  equations  were  worked  out  in  the 
wanner  suggested  by  Katiyar. 3  These  conditions  were  in  turn  used  to  conpute  five 

I 

tangential  force  constant  paraaetera,  nawely,  B13,  B  14,  B23,  B23  and  B24.  In  order 
to  reduce  the  number  of  force  constant  paraaeters  further  we  as suae d  that  the  radial 
force  constants  a ay  be  interrelated  by  Born-Meyer  type  of  potential  function, 4  i.e. 

»*  -  »„  «> 
with  similar  relations  for  other  A^, .  The  constant  c^_q  can  be  related  to  nQ_Q  in 

Pauling's  potential  function4  as  follows: 

<\)_0  "  (“o_o  +  *^*0-0 

where  R^_q  corresponds  to  the  distance  between  the  two  oxygens  in  contact.  These 
transformations  allowed  ua  to  reduce  the  number  of  undetermined  parameters  to 

eleven,  namely,  nT1_0>  no_o>  Au»  A2J»  Ai»s«  ®ia»  ®34»  ®4S*  zpb  and  Z0’  The 

value  of  ii(.  was  fixed  to  7  as  given  by  Pauling  and  the  remaining  10  parameters 
ware  obtained  I y  least  squares  fit  to  the  cone  centre  phonons 5  and  a  few  rone 
boundary  phonons6  using  the  method  suggested  by  Katiyar  and  Mathai.7  Reasonably 
good  agreement  between  the  calculated  and  the  observed  frequencies  was  obtained 
except  for  A3(T03)  phonon  in  which  case  the  calculated  frequency  1b  578  cm-1  whereas 
the  observed  frequency  was  646  cm-1.  This  and  other  snail  disagreements  may  be 
due  to  the  neglect  of  the  polarlsabllitles  of  the  Ions  Into  the  rigid  Ion  model. 

The  values  of  the  best  fitted  paraaeters  were  used  to  compute  the  axially 
syaamtric  force  constant  parameters  and  they  are  as  follows:  A)3  •  19.25,  A14  ■ 
38.01,  A14  -  6.94,  A23  -  192.80,  Aj,  -  48.89,  A24  -  122.80,  A34  -  4.85,  A4S  -  6.27, 
Ijj  -  -2.62,  B14  -  -7.27,  B14  -  -2.02,  B23  -  -25.10,  B23  -  -0.49,  B24  -  -14.31, 

B34  -  -1.38  and  B45  “  -2.01;  all  In  the  units  of  e2/2v. 

The  parameters  shown  shoes  appear  to  be  physically  acceptable.  The  large 
values  of  A23,  A2J  and  A24  indicates  that  there  are  strong  forces  between  Ti  and  0 
loom,  whereas  the  oapgen-oxygen  interactions  (A34,A45)  are  considerably  weaker.  The 
ionic  charge  obtained  for  Pb  ion  is  1.695e  and  for  the  oxygen  ion  la  -1.456e.  These 
velues  suggest  highly  ionic  character  of  the  crystal. 

Prom  tbs  eigen  vector  calculations  the  normal  mode  picture  for  the  soft  node 
corresponding  to  8(10 j)  is  drawn  in  Pig.  1.  In  this  mode  both  Ti  and  0  ions  move 
against  Pb  ions  along  x-  or  y-axls.  Similar  movements  occur  in  the  soft  node 
A|(10|>  along  ardirmctlom.  This  description  of  the  soft  mode  ie  In  agreement  with 
the  proposal  by  Last8  for  Bslifij.  Me  base  carried  out  the  above  calculations  for 
BaTiOj  as  mall  and  the  aigam  sector  calculations  for  the  lowest  dipolar  mods  suggest 
that  Both  Be  mad  O  lone  nova  against  the  Ti  ions  along  the  principal  axes  which  is 


in  agreement  with  the  picture  proposed  by  ttmtmr8  for  BaTiO 3. 

Me  have  also  adjusted  our  force  constant  parameters  to  obtain  reasonably  good 
agroaasnt  between  the  observed 16  and  the  calculated  frequencies  does  to  the  phase 
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Fig.  1:  Normal  mode  picture  for  E(TOj) 
mode  lone  have  been  projected  on  the  icy- 
plane. 


transition  temperature  (~  493*0  in  PbTiOj.  The  lowest  optic  mode  ECTO^  varies 
from  88  cm-1  to  54  cm-1,  whereas  the  lowest  A1(T01)  decreases  to  62  cm-1  from 
147  cm-1.  A  close  look  at  the  force  constant  variations  reveals  very  small  changes 
in  their  values  except  for  the  parameters  A21(,  A34  and  A45,  whose  values  decrease  by 
about  20-30X  near  T^.  Perhaps  relatively  small  enharmonic  forces  could  explain  such 
changes. 

The  acoustic  wave  propagation  in  piezoelectric  crystals  has  been  discussed  in 
detail  by  Hutson  and  White. 11  Following  their  approach  we  have  computed 
piezoelectric  and  elastic  coefficients  for  lead  titanate  using  the  force  fonstant 
parameters  obtained  from  phonon  frequencies  fit.  The  calculated  values  of  elastic 
Constanta  are  as  follows  (in  units  of  1011  N/M2):  C31  »  1.327,  C12  “  0.846,  C13  - 

0.891,  C33  “  0.934,  C44  -  0.801  and  C66  ■  0.927;  and  those  of  piezoelectric 
coefficients  are  given  below  (in  units  of  10“ 12  C/N):  dJ5  *  45.52,  d31  *  -15.07, 
d  33  m  51 .00. 

In  above  calculations  we  have  used  the  values  of  £j j/e0  -  125.6  from  the  work 
of  Frey  and  Sllberman  and  £33/60  “  30.0  (dielectric  constant  along  c-axls)  as 
reported  by  Bhide  et  al.  Unfortunately  no  single  crystal  measurements  exist  in  the 
literature  to  compare  with  our  calculations.  We  have  also  computed  these 
coefficients  for  BeTlOj  and  except  for  C44  they  compare  well  with  the  calculations 
of  Devonshire. 12 
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PHONONS  IN  EXCITED  RUBY 


A.A.  Kaplyanskii,  S.A.  Basoon  and  V.L.  ShekhCman 

A.F.  Yoffe  Physico technica l  Institute ,  Academy  of  Sciences  of  the  U.S.S.R. , 
Leningrad,  194021,  U.S.S.R. 


Abstract.  -  New  results  concerning  the  properties  of  acoustic 
phonons  0.87  THz  in  ruby  are  considered  including  (1)  attenua¬ 
tion  and  enharmonic  scattering  of  ballistic  phonons  and  (2)  ki¬ 
netics  of  resonance  phonon  trapping. 


Resonance  interaction  of  the  0.87  THz  (29  cm  )  phonons  with 
E-2I  levels  of  Cr^+  ions  plays  an  important  role  in  many  physical 
processes  in  excited  ruby.  Investigation  of  these  processes  provides 
valuable  information  on  both  the  fundamental  properties  of  the  tera¬ 
hertz  acoustic  phonons  proper  in  crystals,  and  phonon  interaction 
with  impurity  centers.  The  studies  have  been  carried  out  in  .'i*v ai*al 
groups  /I  -  6/.  fee  consider  below  the  recent  results  obteJLnv'i  ■  ~  our 
group. 

1.  Attenuation  of  the  29  cm"1  Ballistic  Phonons. 

Optical  detection  /2/  of  the  29  cm  ,  TA  and  LA  phonons  propa¬ 
gating  ballistically  in  heat  pulses  /3 /  was  used  for  a  quantitative 
measurement  of  29  cm”"'  phonon  attenuation  in  ruby  with  Cr^+  concen¬ 
tration  C =0.0256  /?/  and  C =0.001%.  Measurements  were  perfomed  at  T= 
1.8  K  for  different  directions  h-d  (heater-detector)  lying  in  the 
crystal  symmetry  plane  <Ty(  0  is  the  angle  between  the  group  veloci¬ 
ty  7  and  the  axis  Cj) .  The  magnitude  of  mean  free  path  T  for  the  LA 
and  TA  phonons  depends  essentially  on  the  phonon  propagation  direc¬ 
tion  in  the  fy.  plane.  Pig.1  shows  a  T  vs.  8  plot.  When  one  goes 
over  from  C  =0.0256  to  C  =0.001 56,  the  magnitude  of  T  for  a  given  8  ,  as 
a  rule,  increases  strongly.  In  a  0.00156  sample  one  observes  weakly 
decaying  LA  add  TA  modes  with  T  being  far  In  excess  of  sample  dimen¬ 
sions,  eatring  only  a  lowed  estimate  T  >  200  am  possible.  At  the  same 
time  for  some  IA  modes  with  small  T~10  am  the  magnitude  of  T  does 
not  change  significantly  with  C. 

The  results  indicate  an  extremely  large  contribution  to  T  from 
phonon  scattering  on  the  Cr  ions  and  (or)  accompaniing  defects.  The 
magnitude  of  T  in  low  concentration  ruby  gives  the  lower  limit  for 
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T  decay  time  of  LA  /8/  phonons.  There  exist  both  long  lived  LA  mo¬ 
des  with  'ZT^^  20  fie  and  apparently  also  short  lived  modes  with  — 

1  ji8  (for  the  angles  Q  under  which  the  experimentally  found  T  does 
not  depend  significantly  on  C).  The  anisotropy  in  V  is  probably 
associated  with  the  elastic  anisotropy  of  the  crystal  and  the  conser¬ 
vation  laws  in  the  elementary  events  of  LA  phonon  decay.  Note  that 
theory  gives  for  the  decay  time  of  the  29  cm"1  LA  phonons  a  value  of 
fp=4.b  pa  /9/  assuming  the  crystal  to  be  elastically  isotropic. 

2.  Decay  of  Mode-Averaged  29  cm-1  Phonons. 

An  attempt  has  been  made  to  estimate  experimentally  the  mode- 
averaged  phonon  enharmonic  lifetime  by  measuring  the  decay  of  the 
whole  29  cm  nonequilibrium  phonon  ensemble  in  the  crystal  immersed 
in  superfluid  helium  (Tsl.8  K) .  The  conditions  for  the  29  cm-1  pho¬ 
non  escape  from  the  bulk  of  the  sample  to  its  boundaries  through 
which  the  phonons  eventually  lose  energy  to  the  helium  bath  were  con¬ 
trolled.  Heat  pulses  were  injected  from  a  heater  h  into  cube-shaped 
samples  with  edge  L=2-*10  mm.  The  29  cm'1  nonequilibrium  phonon  con¬ 
centration  was  derived  from  £g(t)  luminescence  pulses  escaping  from 
a  test  volume  ~0.5  am,  pumped  with  cw  laser  at  extremely  low  power. 
Fig. 2  shows  Hg(t)  pulses  in  a  sample  with  L=10  mm,  C=0.5%  measured 
with  two  detectors,  one  close  to  h  and  the  other  near  the  opposite 
face.  At  long  times  the  Rg(t)  pulses  ooinoide  thus  indicating  the  29 
cm'1  phonons  to  be  distributed  throughout  the  crystal.  The  decay  of 
fi2(t)  at  such  times  is  exponential  over  2*3  decades  of  R2  intensity. 
At  L » 3  mm  the  decay  does  not  depend  on  the  power  and  duration  of 
heating,  while  at  Lb2  am  the  decay  is  constant  only  at  low  power  In¬ 
puts  employed  in  the  experiment. 

Fig. 3  shows  the  dependence  of  decay  time  V  on  Jj>.  Fqr  the  sample 
with  Cb0.02%,  V  -  L  (curve  1)  which  corresponds  to  the  surface  phonon 
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Fig  .2  Fig.3 

decay  in  the  ballistic  regime,  the  decay  rate  being  proportional  to 
the  frequency  of  phonon  collisions  with  the  surface,  i.e.  T”1—  S/1. 
In  the  samples  with  C=0.5 %  the  mean  free  path  is  T<  0.4  mm,  the  pro¬ 
pagation  occuring  by  diffusion.  The  phonon  escape  to  the  surface  is 
slowed  down  (curve  2)  and  is  determined  by  diffusion  time  . 

r (L)  for  a  sample  with  C=0.5£  has  a  trend  to  saturation.  This 
might  imply  the  existence  of  anharmonic  decay  of  the  29  cm-1  phonons 
with  a  mode-averaged  lifetime  10  ps.  The  comparison  with  T  ^ 

for  individual  LA.  modes  (Sec.1),  might  indicate  the  rather  fast  de¬ 
cay  of  TA  phonons  in  ruby  at  1.8  K  /10/>  The  above  interpretation  of 
the  decay  time  assumes  that  the  kinetics  of  the  29  cm-1  nonequilib¬ 
rium  phonons  at  least  at  the  final  stages  of  their  residence  in  a 
crystal  is  determined  primarily  by  escape,  anharmonic  phonon  pumping 
being  inessential. 


Phonon-phonon  scattering  plays  an  important  role  in  physical 
phenomena  in  crystals.  As  for  the  terahertz  range,  we  are  aware  of 
only  one  unsuccesful  attempt  /II/  to  observe  heat  pulses  interaction. 
Ve  have  succeeded  in  directly  observing  the  merging  of  the  29  cm" 1 
phonons  with  acoustic  phonons  of  higher  frequency  >.  2  THx  /I 2/. 

Heat  pulses  200  ns  long  are  injected  at  50  kHz  from  the  heater 
hj  into  an  Al^O^tO.O^  Cr  crystals  at  1.8  K  (Vig.4).  The  29  cm"1  pho¬ 
nons  are  optically  detected  on  the  opposite  side  of  ths  sample  with 
a  luminescence  detector  d.  The  line  h^-d  is  parallel  to  ths  directi¬ 
on  of  narrow  angular  focussing  (~1*)  of  VTA  phono as  in  ruby.  There¬ 
fore  the  VTA  phonons  propagating  ballistically  along  fc^-d  are  focus¬ 
sed  and  thus  provide  the  major  contribution  to  the  narrow  and  strong 
K2- luminescence  pulse  2(t)  induced  in  4  /13,1V.  There  is  slso  heater 


hg  at  the  side  face  of  the  sample. 

Ve  have  observed  a  decrease  of  the  I(t)  pulse  amplitude  in  the 
presence  of  the  heat  pulse  from  hg  which  directly  Indicates  scatte¬ 
ring  of  the  29  cm'1  PTA  phonons  by  the  phonons  injected  from  hg.  The 
relative  change  d  I/I  of  the  fig-pulse  amplitude  depends  on  the  delay 
tstg-t^  between  the  current  pulses  through  h^  and  hg.  The  a  I/I  (t) 
dependence  is  shown  in  Pig. 4  where  we  adopt  t1=0  and  the  moment  t^ 
of  passage  of  the  ballistic  FTA  phonons  past  hg  is  specified.  At  de¬ 
lays  t>t^  the  effect  naturally  disappears.  Por  t<0,  when  the  heat 
pulse  from  hg  is  emitted  long  before  the  injection  of  29  cm*1  pho¬ 
nons  from  h^,  the  a  I/I  signal  decays  slowly  with  Itl .  This  indi¬ 
cates  that  the  effective  screening  phonon  cloud  injected  from  hg  de¬ 
cays  very  slowly  (with  ?  ~3  pa) . 

The  delayed  kinetics  and  observed  localisation  ((  0.3  am)  of 
the  screening  cloud  near  hg  demonstrate  that  the  29  cm-1  FTA  phonons 
are  scattered  by  high  frequency  phonons,  u»  29  cm*1,  which  leave 
the  near  surface  region. slowly  because  of  Rayleigh  scattering  /I 5/. 
This  conclusion  agrees  with  the  strong  frequency  dependence  (~  w4) 
of  the  processes,  TA(29)+1*(")  ♦U((J+29),  and  TA(29)+TA(W)  —  LA 
(u  +29)  which  are  apparently  responsible  for  the  observed  escape  of 
the  29  cm*1  FTA  phonons  from  the  ballistic  mode.  Knowing  the  FTA  pho¬ 
non  transit  time  0.1$  £ks  past  hg  and  the  magnitude  of  their  flanging 
(~5%).  one  can  evaluate  PTA  phonon  merging  time  as  r  ~ 3  pa.  Hanes 
the  29  cm*1  phonon  enharmonic  lifetime  near  the  heat  injector  is  de¬ 
termined  not  only  by  decay  but  also  by  marking  which  may  reveal  it¬ 
self  In  experiments  on  29  cm*1  phonon  resonance  trapping  /16/. 

4.  assonance  Jemnnln*  of  the  29  cm*1 

The  trapping  of  29  cm*1  phonons  in  Melted  ruby  /i,  2/  is  this  to 
their  maltlple  resonance  scattering  involving  the  fJSX  levels  of  the 
Cr^metastabls  2P  state.  The  main  quantitative  Characteristic  of 
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trapping  is  the  29  cm-1  phonon  residence  time  in  the  pumped  volume 

can  toe  determined  experimentally  in  two  ways.  In  kinetic  expe¬ 
riments  /2,5/  one  measures  directly  the  tailing  time  of  the  EgCt) 
luminescence  pulse  induced  by  a  pulsed  injection  of  29  cm  phonons 
into  the  volume.  In  stationary  experiments  /4/,  measurement  is  made 
of  the  population  /j  of  the  electronic  Si  level  from  the  intensify  of 
the  R  luminescence  lines •  /jaRg/B^,  under  conditions  of  trapping. 

The  magnitude  of  fj  is  connected  with  the  effective  lifetime  ^q=JIT  of 
the  Si  level,  q  =  /}T(y''ra,  where  p  is  the  quantum  yield  of  29  cm" 
phonon  generation  in  an  optical  excitation  event  ( p *0.3  /17/) ;  g 
is  the  radiative  time;  T  *1  ns  /I?/  the  spontaneous  S  level  life¬ 
time;  U  the  number  of  scattering  events  in  the  time  the  generated 
phonon  spends  in  the  pumped  volume.  Obviously,  since  r^, 

in  contrast  to  "Cq,  includes  intervals  of  free  phonon  transit  bet¬ 
ween  scattering  events. 

In  the  present  work,  the  times  and  were  measured  in  one 
experiment  in  the  same  pumped  volume  of  a  ruby  crystal  with  0.02% 

Cr^+  with  a  given  concentration  N  of  Cr^*  metastable  ions. 

(a)  A  pulsed  copper-vapor  laser  ( A  =510.5  nm,  578.2  nm,  repeti¬ 
tion  frequency  f*10  kHz,  energy  2x1 O-4  J,  pulse  duration  a  t=20  ns) 
creates  in  the  crystal  an  excited  volume  d  *  1 .5  mm.  Since  f"1**  ra, 
the  concentration  N  is  almost  constant,  the  role  of  an  individual 
Cu-laser  pulse  being  reduced  to  the  injection  of  29  on"1  nonequilib¬ 
rium  phonons  in  <3  -*  E  transitions.  The  resulting  pulses  exhibit  an 
exponential  decay  from  which  one  could  derive  f^ .  The  time  Vq  was 
determined  from  the  time  averaged  relative  intensity  >\  sRg/R^  • 

rig. 5  shows  the  dependence  of  and  on  the  average  laser  power 
P.  The  earves  r^P)  and  rQ(p)  approach  one  another  with  increasing 
P  exhibiting  a  clear  tendency  of  crossing. 

(b)  The  crossing  of  ^(F)  and  rQ(P)  (at  large  *  >  was  observed 
in  experiments  with  two  lasers  in  an  arrangement  close  to  that  of 
ref  ./5/,  A  steady-state  concentration  R  was  produced  with  ow  Ar-la- 
ser  (Fb0.1+0.8W,  dwO.3  am) .  A  nitrogen  laser  beam  (f»100  Hz,  at«15 
ns,  pulse  energy  K T^J)  was  focused  on  the  same  spot.  The  ff2-latfer 
generates  pulses  of  29  oa-1  probe  phonons  which  indues  *2(t)  pulses. 
The  decay  of  R2(t)  yields  f1,  the  time ■ averaged  value  being 

-  rQ.  The  ^(p)  and  Cq(P)  curves  cross  at  P»0.3  W,  2"Q  exceeding  ty 
at  Pw0.8  v  by  a  faster  ef  three.  bote  that  the  behavior  of  tho  ty(P) 
am*  *0(P)  curves  in  axper im  mate  (ahead  (b)  is  slsllar  to  the  one 
observed  earlier  in  independent  pulsed  /t, 5, it/  and  steady-state 
/#,-!«/  seMMMk*.  *  ‘h-  ■■■■■• 
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Flg.6  Fig. 7 

Fig. 6  above  that  at  concentrations  H  <  1018  csT^,  >  TQ  in 
full  agreenent  with  above.  This  interval  of  N  includes:  (1)  a  real- 

•p  2 

on  of  weak  trapping  where  TQ  d  /16.18/  and  the  phonons  escape 
from  the  volume  by  spatial  diffusion  typical  for  the  "resonance  flu¬ 
orescence"  trapping  in  purely  elastic  phonon  scattering  /19,20/j  and 
(2)  a  region  of  moderate  trapping  where  a  combined  mechanism  invol¬ 
ving  spatial  and  spectral  diffusion  sets  in  /20/v  for  which  Tq  ~(.Lx 
T)~  d  F  /21/t  where  is  the  spectral  diffusion  coefficient  of 
electronic  excitations ,  C'asio”^*7  cm  is  the  resonance  scattering 
cross  section  (D^  does  not  depend  on  N  )• 

In  the  strong  trapping  region  one  observes  an  anomalous  ratio, 
r1 <  r0.  Tbe  "kinetic"  time  exhibits  a  tendency  to  saturation  at 
a  level  of  1+3  pa,  the  "steady-stated  time  continuing  to  grow  ra¬ 
pidly  (in  ref./1£/  one  observed  /j>10“2  which  corresponds  to  > 
100  ps) .  Shis  inconsistency  (pointed  out  earlier  /22/)  poses  the 
question  of  which  of  the  tines*  or  Tq  is  the  "true"  trapping  time 
corresponding  to  real  number  of  scattering  events,  M.  Generally 
speaking,  the  large  value  of  VQ  may  be  attributed  to  the  feeding 
of  the  29  on"  mode  by  the  heating  accoapanling  optionl  excitation* 


But  thfa  suggestion  would  imply  that  up  to  50*  of  the  energy  in 
Stokes  losses  (—  5000  on“^)  in  each  optical  excitation  event  can  coo 
vert  an  a  result  of  anhamonlo  processes  into  a  narrow  ( -  0.02  cm“^) 


C6-445 


29  cm-1  mods  which  is  hardly  conceivable.  Among  the  facts  that  are 
at  variance  with  this  suggestion  aret  a  strong  resonance  dependence 
of  H  on  magnetic  field,  dependence  of  rj  only  on  the  characteristics 
(H  ,d)  of  the  pumped  volume  rather  than  on  saitple  size.  Quite  to  the 
contrary,  these  facts  agree  with  the  conclusion  that  the  "true" 
trapping  time  is  connected  with  the  large  M  corresponding  to  experi¬ 
mental  time  Tq.  The  disproportion  between  and  may  be  due  to 
the  essentially  nonexponential  kinetics  of  R2(t)  which,  besides  the 
short-lived  microsecond-scale  component  exhibits  also  a  long-lived, 
tail.  The  existence  of  a  tailing  decay  in  RgCt)  in  the  millisecond 
range  was  mentioned  in  ref ./22/. 

Pig. 7  shows  the  results  of  a  special  study  into  the  nomexponan- 
tial  kinetics  of  R^t)  luminescence  excited  with  Ar-laser,  its  beam 
chopped  mechanically  for  a  time  at=1  ms  at  a  frequency  of  200  Hz. 
Since  at  at  the  times  when  optical  excitation  is  interrupted  N 

decreases  insignificantly  (by  ~2Q%)  whereas  the  generation  of  the 
2T-H  phonons  stops  completely.  The  time  profile  of  R2(t)  for  samples 
with  0=0.02%  and  C=0.5%  shown  in  Pig. 7  for  P=21  reveals  sections  of 
rise  and  decay,  each  being  characterized  by  a  fast  (microsecond-sca¬ 
le)  kinetics  In  the  beginning  with  a  subsequent  slow  (millisecond- 
scale)  variation.  The  time  of  the  alow  exponential  decay  does  not 
depend  markedly  on  C,  ?»0.4  ms,  its  initial  amplitude  const! tuing 
15%  of  the  plateau  level  at  0=0.5%  and  ~1%  at  0=0.02%.  The  H2(t) 
profile  does  not  change  over  a  wide  range  of  5  (P)  variation,  the 

magnitude  of  t  being  practically  independent  of  If  .  The  short  time 
of  rise  and  decay  is  close  in  magnitude  to  observed  in  pulsed  ex¬ 
periments  /2,5,1b, 22/  and  exhibits  a  similar  dependence  on  H  and  C 
(when  going  over  from  0=0.02%  to  0=0.5%  it  decreases  for  large  N 
from  3  fta  to  <  0*5  )u>)  • 

In  the  interpretation  of  the  results  obtained,  account  should 
be  taken  of  the  fact  that  under  conditions  of  efficient  phonon  trap¬ 
ping  scattering  processes  of  relatively  low  probability  may  come  in¬ 
to  play  in  the  pumped  volume.  In  particular,  the  scattering  proces¬ 
ses  which,  while  not  leading  to  an  irreversible  disappearance  of  the 
29  cm-"1  phonons,  result  in  their  being  maintained  for  a  long  time  in 
an  optically  inactive  state,  are  responsible  for  the  specific  dyna¬ 
mics  in  the  onset  of  equilibrium  between  the  "ordinary"  and  "tailing" 

The  observed  two-component  decay  of  R-(t)  after  the  removal  of  pum¬ 
ping  indicates  the  iasigsif loans role  6f  noarescnence  feeding  of  the 
29  cm- •  mode  by  wax  of  optical  heating  (or,  for  instance,  coopera¬ 
tive  processes  of  n-eosltattoa  accumulation  /23/  which  have  in  prin¬ 
ciple  nillisecoad-scale  kinetics). 
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resonance  phonons,  which  is  what  brings  about  the  essentially  nonex¬ 
ponential  kinetios  of  R2(t).  Among  probable  are  the  following  mecha¬ 
nisms  t 

(a)  Inelastic  29  cm  phonon  scattering  involving  transfer  of  elect¬ 
ronic  (^B)  excitation  between  the  Cr^*  ions  /22,2V  which  produces, 
as  a  result  of  repeated  scattering,  spectral  redistribution  of  the 
29  cm“^  phonons  within  the  inhomogeneous  width  of  the  R^-line.  The 
delay  is  connected  here  with  the  mean  free  path  of  the  off -resonance 
phonons  being  much  larger  than  that  at  resonance  (but  less,  at  high 
N  ,  than  beam  sise  d,  which  makes  possible  rescattering). 

(b)  Coherent  resonance  transfer  of  electronic  excitation  to  several 
ions  thus  creating  a  collective  ^E-state  /25/  is  in  principle  con¬ 
ceivable,  provided  no  phase  relaxation  of  the  electronic  states  oc¬ 
cur.  Phonon  scattering  accompanied  by  such  an  energy  transfer  in  in¬ 
termediate  collective  state  could,  generally  speaking,  exhibit  a 
sufficiently  large  "electronic"  tailing. 
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PHONON  SPECTROSCOPY  OF  THE  ELECTRON-HOLE-LIQUID 
W.  Dietsche*  S.J.  Kirch  and  J.F.  Wolfe 

Physios  Department  and  Materials  Research  Laboratory ,  University  of  Illinois 
at  Urbana~Chanpaign ,  Urbana,  IL.  61801,  U.S.A. 

Abstract. -We  have  observed  the  2kp  cut-off  in  the  phonon  absorption  of 
electron-hole  droplets  In  Ge  and  measured  the  deformation  potential. 

Photoexclted  carriers  In  Ce  at  low  temperatures  condense  Into  metallic  drop¬ 
lets  of  electron-hole  liquid  (EHL).*  These  droplets  provide  a  unique,  tailorable 

system  for  studying  the  electron-phonon  Interaction  in  a  Fermi  liquid.  The  lnter- 

2 

action  of  phonons  with  EHL  was  considered  theoretically  by  Keldysh  and  has  been 

3  4 

studied  experimentally  using  heat  pulses.  *  In  contrast,  we  have  employed  mono¬ 
chromatic  phonons5  to  examine  the  frequency  dependence  of  the  absorption  over  the 
range  of  ISO  -  500  GHz .  The  conservation  of  momentum  and  energy  in  the  electron- 
phonon  scattering  process  Implies  that  only  phonons  with  wave  vectors  up  to  twice 
the  Fermi  wave  vector  are  absorbed  —  leading  to  a  2k^  cut-off.  One  unique  feature 
of  the  electron-hole  liquid  ip  that  can  be  changed  by  applying  crystal  stress,  a 
feature  which  we  have  exploited. 

The  inset  in  Fig.  1  shows  our  experimental  set-up.  Two  superconducting  tunnel 
junctions,  a  PbBl  generator  (G)  and  an  A1  detector  (D),  were  placed  on  opposite  faces 
of  the  ultra-pure  Ge  crystal  near  one  edge.  A  cloud  of  KHL  droplets  was  created 
at  that  face  using  a  cw  Nd:  YAIG  laser  (X  •  1.06um).  The  position,  size,  and  shape 
of  the  cloud  was  determined  by  directly  Imaging  Its  recombination  luminescence.  ** 

We  studied  phonons  propagating  in  the  [111]  direction,  and  found  a  measurable 
absorption  only  for  longitudinal  phonons  (LA).  In  the  [111]  direction,  phonon 
absorption  la  expected  to  be  dominated  by  the  single  [111]  valley,  because  all  the 
other  valleys  (and  the  boles)  have  such  smaller  cut-off  frequencies .  Application 
of  stress  along  the  [111]  direction  gradually  depopulates  the  [111]  valley. 

This  loads  to  a  reduction  of  \ty  along  [111]  and  thus  to  a  reduction  in  the  cut-off 
frequency  of  tbs  phonons. 

Two  LA  phonon  spectra  taken  at  aero  stress  are  shown  in  Fig.  1.  The 
frequency  la  varied  by  sweeping  the  generator  bias  voltage,  while  the  monochromatic 
signal  la  provided  by  an  additional  pulse  modulation.  Tine  of  flight  separation 
allowed  resolution  of  the  different  nodes.  TWO  features  were  typical  of  all  the 
data:  a  rise  in  intensity  which  begins  at  ISO  GBs  (FI)  due  to  the  detector 
threshold  and  a  decrease  which  ends  at  530  G8*  (F2)  due  to  isotope  scattering. 

•Present  address  :  fhyaik  Department,  TO  Munches,  F.K.6. 
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PHONON  ENERGY  M 


Fig.  1:  Phonon  signal  vs.  frequency, 
zero  stress. 


Between  FI  and  F2,  the  signal  consists  of  a  monochromatic  part  and  a  background. 

This  background  Is  a  conon  feature  In  tunnel-junction  spectroscopy  and  Is 

attributed  to  2A-phonons  and  inelastic  decay  products.  Below  FI  and  above  F2 

only  background  phonons  are  detected.  Between  FI  and  F2  the  background  will  lie 

between  the  interpolations  (1)  and  (2)  as  Inferred  frost  earlier  spectroscopic  work.5 

The  actual  cloud-on  and  cloud-off  phonon  intensities  can  now  be  compared .  Assuming 

a  phonon  absorption  of  the  form  1  «  I  exp  (-d/1) ,  where  d  is  the  effective  EHL 

o 

thickness  and  1  is  the  absorption  length,  the  resulting  d/1  are  plotted  in  Fig.  2a. 
The  ends  of  the  error  bars  Indicate  the  results  obtained  by  using  the  two  alter¬ 
native  backgrounds.  A  similar  procedure  led  to  the  plots  in  Fig.  2  (b)  and  (c) 
for  two  moderate  stresses. 
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Fig.  2:  d(eff .  KHL  thickness)/! 
(absorption  length)  vs.  frequency 
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The  dashed  lines  in  Fig.  2  are  fits  to  deformation  potential  scattering  theory 
following  the  procedure  of  Convell.^  The  theoretical  cut-offs  are  rather  broad 
because  the  sound  velocity  is  comparable  to  the  Fermi  velocity  in  the  EHL.  The 
frequency  dependence  of  our  data  agrees  remarkably  well  with  the  theory.  At  zero 
stress  the  experimental  cut-off  was  obscured  by  the  isotope  scattering.  At 
increasing  stress  the  cut-off  is  observed  to  move  through  the  experimental 
frequency  range. 

An  effective  thickness,  d  :11pm,  was  determined  from  an  analysis  of  the 

Imaging  data.  This  value  is  sufficiently  larger  than  a  typical  droplet  radius  of 

about  2 um.  With  this  value  of  d,  the  absorption  data  of  Fig.  2  yield  the  defor- 
2  2  +15  ? 

nation  potential  E  -  (  E  +  S  )  “  (15  g  )  ev  independent  of  stress. 

Our  value  of  the  phonon  deformation  potential  la  close  to  the  static  deformation 
potential,**  49  eV2  for  single  electrons  in  Ge.  In  contrast,  a  recent  theoretical 
prediction9  for  the  screened  electrons  in  the  EHL  yielded  149  eV2. 

In  summary ,  by  using  the  method  of  phonon  spectroscopy  we  have  obtained  the 
first  experimental  measurement  of  the  phonon  deformation  potential  of  EHL  in  Ge 
and  demonstrated  a  fundamental  property  of  this  Fermi  liquid  —  the  2kg,  cut-off . 

This  work  was  supported  by  NSF  under  the  MRL  Grant  DMR-77-23999. 
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STIMULATED  EMISSION  OF  TUNABLE  HIGH  FREQUENCY  PHONONS  IN  LaF3:Er3+* 

D.J.  Sox,  J.E.  Rives  and  R.S.  Meltzer 
University  of  Georgia,  Athene,  GA  30602,  U.S.A. 


Abstract .  We  describe  a  case  of  stimulated  emission  of  high 
frequency  phonons  (~0.2  THz)  using  optical  excitation  to  invert 
the  population  of  a  pair  of  Kramer's  states  split  in  a  magnetic 
field.  The  phonons  are  tunable  with  a  magnetic  field  and  the 
population  inversion  exists  sufficiently  long  for  phonon  propa¬ 
gation  over  macroscopic  sample  dimensions.  Analysis  using  rate 
equations  suggests  preferential  emission  along  the  axis  of  the 
optically  excited  volume. 

Stimulated  emission  of  high  frequency  (-1  THz)  phonons  has 
recently  been  observed  in  A1203:V4+[1]  and  Al2C>3:Cr3+[2]  using  optical 
excitation  techniques  and  superconducting  bolometer  detection.  In 
these  systems  the  spin-lattice  relaxation  time  for  the  electronic 
levels  responsible  for  the  phonon  emission  is  very  short  (T^  < Ins) . 

In  this  paper  we  present  evidence  for  stimulated  phonon  emission  in 
0.1*  LaP3:Er3+  at  -0.2  THz  which  differs  significantly  from  these 
earlier  works  in  that  (1)  for  the  present  system  is  much  longer 
(1-100  us)  allowing  propagation  of  the  phonons  over  macroscopic  dis¬ 
tances  during  the  population  inversion,  (2)  the  phonon  frequency  is 
readily  tunable  from  -3-20  cm-1  (0.1-0. 6  THz)  with  a  magnetic  field  up 
to  85  kG,  and  (3)  evidence  for  the  stimulated  emission  is  obtained 
directly  by  monitoring  the  populations  of  the  electronic  states  reso¬ 
nant  with  the  phonons. 

The  lowest  4S3/2  component  of  Er3+  is  split  in  a  magnetic  field 
along  the  c  axis  as  shown  in  Fig.  l.  Level  b  is  selectively  excited 
with  a  Nd:YAG  pumped  tunable  dye  laser  creating  a  population  inversion 
relative  to  a.  The  system  relaxes  via  single  phonon  emission  at  the 
energy  difference  between  states  b  and  a.  The  excited  state  popula¬ 
tions  are  monitored  as  a  function  of  time  from  optical  emission  C  or  D 
to  the  upper  ground  state  component. 

wa*  first  measured  at  several  magnetic  fields  using  small 
energy  (50  uJ)  excitation  pulses  and  was  found  to  be  consistent  with 
the  work  of  Wo If rum,  Lanzinger  and  Bank  [3J.  The  decay  at  20.2  kG  is 
exponential  as  shown  by  the  solid  curve  in  Fig.  2  with  a  decay  time  of 
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Fig.  1.  Partial  energy  level  diagram  of  Er3  in  LaF3  split  in  an 
external  magnetic  field.  Stimulated  emission  of  phonons 
occurs  in  the  b -*■  a  relaxation  of  the  state  after 

selective  excitation  of  state  b.  Also  snown  is  the 
experimental  geometry. 

46  ys.  Under  conditions  of  much  higher  excitation  pulse  energies, 
non-exponential  behavior  was  obtained  as  indicated  by  the  dashed 
curves  in  Fig.  2.  In  these  experiments  the  laser  was  focused  to  a 
-1.5x2  mm  rectangle,  exciting  a  5  ran  length  of  crystal.  The  non-expo¬ 
nential  decay  of  the  upper  state  exhibits  the  following  characteristics. 
(1)  There  is  a  noticeable  speed-up  at  early  times  followed  by  (2)  a 
slowing  down  of  the  decay  at  long  times  (t  >  T^)  with  both  effects 
becoming  more  pronounced  at  higher  excitation  energies .  ( 3)  The  cross¬ 

over  between  the  region  of  enhanced  and  reduced  decay  rates  always 
occurs  near  saturation  and  (4)  there  is  an  initial  delay  period 
(t<<Tj)  during  which  the  decay  proceeds  at  a  rate  before  the 

enhanced  decay  takes  over  as  can  be  seen  in  the  insert  of  Fig.  2. 
Similar  observations  follow  from  data  taken  at  28.5  kG. 


Fig.  2.  Time  development  of  the  intensity  of  transition  C  as  a 

function  of  excitation  energy  on  a  1.5x2  mm  a^a  of  0.1% 
LaF3tEr^+.  The  insert  shows  the  3.5  raJ  data  on  an  expanded 
time  scale. 
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The  time  evolution  of  the  excited  state  populations  was  analyzed 
with  rate  equations  for  the  two  excited  state  populations  and  a  rate 
equation  for  the  resonant  phonon  occupation  number  p.  These  equations 
depend  upon  the  parameters  T^  the  resonant  phonon  lifetime  T  h,  and 
b  =  N*/E,  the  ratio  of  the  number  density  of  excited  ions  to  phonon 
inodes  in  the  excited  state  resonance  width.  The  rate  equations  yield 
an  initial  decay  rate  (l+p)T^'1'.  Immediately  after  excitation  of  the 
upper  state,  p*  0  since  the  sample  temperature  is  1.5K  yielding  a  rate 
T^.  However,  when  b>>l  as  in  the  present  experiments,  p  becomes  >>1 
leading  to  a  decay  rate  enhanced  relative  to  T^  where  p  is  strongly 
time  dependent  and  its  maximum  value  is  proportional  to  T^.  Finally, 
after  the  population  inversion  is  lost,  the  decay  proceeds  at  the 
reduced  (bottlenecked)  rate  (T^  +  (l+b)T^)  The  enhanced  rate 

results  from  stimulated  phonon  emission  and  was  termed  the  phonon  ava¬ 
lanche  by  Brya  and  Wagner  [4]  in  their  work  at  much  lower  frequencies. 
From  a  quantitative  analysis  of  the  data  using  the  rate  equations  we 
find  that  Tph  is  limited  predominantly  by  the  ballistic  time  of  flight 
across  the  excited  volume.  During  the  population  inversion  the  fitted 
Tph  is  approximately  the  axial  propagation  time  whereas  after  satura¬ 
tion  it  is  close  to  the  radial  propagation.  This  implies  the 
existence  of  preferential  stimulated  emission  along  the  axis  of  the 
excited  volume.  The  analysis  yields  a  resonance  width  of  25  MHz  and 

an  estimate  of  the  gain  for  the  system  of  up  to  10  mm  1  for  easily 

17  -3 

obtained  excited  ion  concentrations (19  cm  ) .  Considering  the  long 
duration  of  the  population  inversion,  during  which  time  the  phonons 
can  propagate  over  macroscopic  dimensions,  this  system  offers 
considerable  potential  as  a  coherent  phonon  source  of  high  frequency 
phonons . 

‘Work  supported  by  the  Army  Research  Office,  Durham. 
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PULSED  RAMAN  MEASUREMENTS  OF  INHIBITED  ELECTRON-PHONON  COUPLING  AT  HIGH 
PLASMA  DENSITIES  IN  SILICON 

s 

A.  Comp a an,  H.W.  Lo,  M.C.  Lee  and  A.  Aydinli 
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Abstract.  -,A  15  nsec  duration,  frequency  doubled  Nd:YAG  laser  at  power  densi¬ 
ties  near  1  J/cm  i  has  been  used  to  create  high  plasma  densities  in  silicon  at  room 
temperature.  Phonon  Raman  scattering  generated  by  a  delayed  7  nsec  dye  laser  probe 
pulse  shows  lattice  temperatures  far  below  the  silicon  melting  temperature  of 
1412°C.  The  results  suggest  the  presence  of  a  dense-plasma-induced  phase  transi¬ 
tion  with  a  greatly  inhibited  electron-lattice  coupling. 


p 

For  laser  energy  densities  of  1  J/cm  at  A  =  532  nm  in  silicon  the  absorbed 
photon  density  at  the  surface  is  '2  X  1022  cm-3,  assuming  that  the  normal  room 
temperature  absorption  coefficient  is  unchanged.  Host  absorbed  photons  are  expect¬ 
ed  to  create  electron-hole  pairs  across  the  energy  gap  and  thus  photoexcited  carri¬ 
er  densities  well  in  excess  of  1021  cm'3  may  be  expected  for  nanosecond  duration 
laser  pulses.  This  is  a  density  regime  far  beyond  that  which  is  accessible,  e.g., 

in  the  study  of  electron-hole  droplets  in  silicon  and  is  a  regime  where  many 

2 

unusual  effects  may  be  expected.  The  range  of  power  densities  near  1  J/cm  is  also 
appropriate  for  laser  annealing  of  ion  implanted  silicon  and  it  has  been  widely 
believed  that  this  annealing  is  effected  by  melting  of  the  surface  layer  and 
rapid  epitaxial  recrystallization.  A  simple  calculation  using  the  specific  heat 
shows  that  the  deposited  energy  should  be  sufficient  to  melt  the  silicon  provided 
the  energy  is  immediately  thermal ized  to  lattice  system.  Furthermore  the  occur¬ 
rence  of  a  transient  reflectivity  rise  to  a  value  close  to  that  of  (metallic)  mol¬ 
ten  silicon  circumstantially  supports  a  melting  hypothesis  (see  Fig.  1).  However, 
we  have  performed  two  Independent  measurements  which  show  that  the  normal  equili¬ 
brium  molten  state  Is  not  produced  under  these  circumstances.  The  first  Is  a 
transmission  measurement  which  shows  that  the  extinction  coefficient  In  the  near 
IR  is  far  below  that  of  molten  silicon.1  The  second,  a  measurement  of  optic  phonon 
occupation  factors  by  Raman  scattering,  shows  that  the  peak  lattice  temperature 
rise  can  account  for  only  a  small  fraction  of  the  deposited  laser  energy. 

The  optical  transmission  data  were  obtained  using  for  excitation  a  broad  band 
Ng*  pumped  dye  laser  focussed  to  200  urn  diameter  and  for  probes  either  a  He-Ne 
laser  (a  *  1152  nm)  or  a  second  pulsed  dye  laser  focussed  to  '30  urn  diameter.  The 
time-resolved  transmission  through  a  0.6  urn  thick  si 1 Icon-on-sapphlre  sample  is 
shown  in  Fig.  1.  The  transmitted  signal  displays  primarily  the  effects  of  the 
reflectivity  change  with  little  absorption  apparent. 
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Fig.  1.  Time  resolved  reflectivity  (R) 
and  transmission  (T)  of  0.6  u»  SOS  for 
1162  nm  probe.  Peak  of  the  8-nsec  exci¬ 
tation  pulse  occurs  on  the  first  hori¬ 
zontal  tick  mark. 


Fig.  2.  Induced  absorption  coefficient 
(dots)  measured  25  nsec  after  pulsed 
excitation  and  compared  with  the  curves 
for  amorphous  and  crystalline  silicon. 


The  spectral  dependence  of  the  extinction  coefficient  was  obtained  with  the 
tunable  pulsed  dye  laser  (7  nsec  pulse)  delayed  by  25  ns  (Fig.  2).  The  data  show 
an  abrupt  increase  in  absorption  above  '1.1  eV  which  Is  directly  contrary  to  that 
expected  of  any  metallic  state  which  should  exhibit  high  extinction  coefficients 
for  all  energies  below  the  plasma  edge.  We  have  recently  demonstrated,  via  a 
direct  Kramers  -  Kronig  analysis  that  the  absorption  shown  in  Fig.  1  Is  sufficient 
to  explain  the  reflectivity  rise  seen  in  the  inset. 

Raman  measurements  of  phonon  occupation  factors  were  performed  using  a 
similar  excite/probe  configuration.  In  our  most  recent  measurements  we  have  used 
a  frequency  doubled  Nd:YAG  beam  (a  =  532  nm)  focused  to  '1mm  on  the  sample  and  a 
A  *  405  nm  Raman  probe  pulse  focussed  to  250  um  diameter  with  a  variable  electronic 

delay.  Figure  3  shows  the  optic  phonon  temperature  as  a  function  of  probe  delay 

2 

for  an  excitation  energy  of  0.8  J/cm  .  Note  that  the  peak  temperature  observed 
Immediately  after  recrystallization  Is  completed  (110  nsec)  is  less  than  400°C. 

The  cooling  behavior  Is  consistent  with  that  expected  of  a  thin  surface  layer  using 
the  known  thermal  diffuslvity  of  crystalline  silicon  at  these  temperatures.  How¬ 
ever,  we  find  no  observable  Raman  line  during  the  period  of  high  reflectivity  ("10- 
80  nsec);  l.e. ,  any  sharp  feature  between  200  cnf^  and  700  cm”  must  be  less  than 
5X  as  Intense  as  the  usual  Raman  line  at  520  cm"*. 

Since  Raman  scattering  Intensity  In  a  semiconductor  Is  directly  proportional 
to  the  square  of  the  electron-phonon  coupling  strength,  this  lack  of  Raman  signal 
Is  consistent  with  a  greatly  reduced  electron- phonon  coupling.  This  observation 
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Fig.  3.  Temperature  rise  vs.  probe  pulse  delay. 

would  also  explain  the  slow  rate  of  energy  transfer  from  the  photoexclted  carriers 

to  the  lattice.  It  is  also  possible  that  under  intense  excitation  a  structural 

3 

phase  transition  occurs  to  a  disordered,  possibly  fluid,  state.  In  this  case  only 

a  very  broad,  density-of -states  Raman  spectrum  would  be  expected  which  could 

easily  be  two  orders  of  magnitude  less  intense  than  the  usual  sharp  Raman  line. 

However  such  a  disordered  state  could  not  be  the  usual  molten  state  of  silicon 

since  Fig.  2  shows  the  optical  properties  to  be  much  different  and  Fig.  3  shows 

the  peak  lattice  temperature  to  be  far  below  the  1412°C  melting  point  of  silicon. 

In  either  case  we  believe  the  low  lattice  temperature  Inmedlately  following 

12 

the  high  reflectivity  phase  gives  strong  evidence  that  the  usually  fast  ('10 
sec"1 2)  electron-lattice  relaxation  has  been  Inhibited.  We  suggest  this  may 
arise  from  screening  effects  of  a  dense  photo-excited  plasma  on  the  deformation 
potential  carrier-lattice  coupling  which  prevent  rapid  energy  transfer  to  the 
phonon  system.3 

The  financial  support  of  the  U.S.  Office  of  Naval  Research  under  Contract 
No.  N0001 4-80C-041 9  is  gratefully  acknowledged. 
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2+ 

Abstract:-  Racently  information  on  the  lattice  strains  present  at  Fe  sites 
in  KMgFg  has  been  obtained  from  electron  spin  resonance  linewldth  data. 

The  use  of  this  data  in  an  eapirical  nodal  previously  used  with  success  on 
Fe2+:MgO  shoes  that  this  nodel  also  gives  an  excellent  description  of  the 
acoustic  relaxation  losses  in  Fe*+:KMgF3.  In  order  to  place  this  eapirical 
nodel  on  a  nore  sound  theoretical  footing  a  theory  of  relaxation  losses  in 
aultl-level  syateas  based  on  the  rate  equations  for  the  population  of  each 
level  has  been  studied.  The  eapirical  nodel  results  only  if  sinplifylng 
assumptions  are  nade  and  the  inplioations  of  these  are  described. 


Acoustic  relaxation  losses  occur  when  the  strain  of  an  acoustic  nave 
modulates  the  energy  levels  of  a  system  such  as  that  consisting  of  a  nuaber  of 
aagnetlc  ions  ea bedded  in  a  dielectric  lattice.  The  dynaalc  repopulation  of  the 
levels  of  such  a  system  results  in  a  loss  to  the  acoustic  nave.  For  a  two-level 
systea  the  fora  of  the  loss  a  is: 

2  2 

a  ai t 

a  -  constant  .  -5 —  .  - 5-5 

y  H  1  +  a:  r* 

where  01  is  the  acoustic  angular  frequency,  v  is  the  acoustic  velocity,  O  is  a 
coupling  factor  related  to  the  energy  level  shift  per  unit  strain  and  T (T)  is  the 
relaxation  tine.  It  nay  be  shown  that  the  expression  for  a  n-level  systea  reduces 
to  the  aua  of  n  -  1  such  expressions  above.  Randoa  lattice  strains  influence  the 
aagnltude  and  acoustic  aode  dependence  of  a  vis  their  effect  on  G  and  on  T ,  and 
recently  a  successful  treataent  of  the  effect  of  strains  on  the  relaxation  loss 

due  to  the  Jahn-Teller  ion  Mi3*  in  the  AlgOg  lattice  has  been  given1. 

2+ 

It  is  interesting  to  study  Fe  in  cubic  environaents  such  as  those  provided 
by  NgO  or  UgF.  since  quite  different  acoustic  relaxation  behaviour  is  found  in 

*2  3  4 

the  two  aysteas  *  ’  In  MgO  the  acoustic  loss  of  Tg  syaaetry  nodes  is  such 
weaker  than  the  predictions  of  a  strain  free  nodel  would  suggest,  while  in  KMgFg 
it  is  the  I-syssMtry  nodes  which  are  experiaentally  less  attenuated  than  on  such 
a  nodel. 

An  eapirical  nodel  due  to  King  and  Monk3'4  treats  the  effect  of  Isttice 
strains  by  considering  a  single  two-level  expression  for  the  three-level  ground 
state  but  with  a  coupling  factor  02  “  (0l  -  Gg)2  +  (0#  -  Og)2  ♦  (Og  -  Oj)2  where 
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G, ,  G_ ,  G_  arc  til*  shift*  in  tb*  energl *s  of  the  three  ground  state  levels  due  to 

1  4  3 

a  unit  acoustic  strain  in  the  presence  of  a  such  larger  static  lattice  strain. 

2 

Factors  which  represent  reductions  in  the  unstrained  values  of  G  were  computed 
as  a  function  of  the  ratio  of  a  nean  coapresslonal  to  a  mean  shear  lattice  strain, 
using  the  known  font  of  the  Haalltonlan. 

The  anisotropy  of  the  electron  paramagnetic  resonance  llnewldth  gives  a 

ft  24- 

measure  of  this  ratio  and  for  Fe  :SgO  use  of  the  empirical  model  then  gives 
excellent  predictions  of  the  acoustic  losses  experimentally  observed.  Recently 

A  2+ 

Grlmshaw  has  measured  the  anisotropy  of  the  Fe  electron  paramagnetic  resonance 
linewldths  for  KMgFg.  The  anisotropy  is  very  different  from  that  in  MgOS,  but 
again  use  of  the  empirical  model  gives  very  good  estimates  of  the  acoustic 
relaxation  losses  of  the  various  acoustic  modes. 

In  order  to  understand  why  this  simple  empirical  model  is  so  successful  a 
treatment  of  the  acoustic  relaxation  loss  in  a  n- level  system  has  been  developed 

2>  y 

and  then  applied  to  the  Fe  ion  .  This  treatment  uses  the  driven  rate  equations 
for  the  populations  of  the  n- level a.  The  energies  of  the  n-levels  are  displaced 
by  the  acoustic  wave,  the  dynamic  repopulatlons  may  be  calculated  from  the  rate 
equations,  and  the  overall  loss  derived.  This  involves  solving  the  equations: 


„  «j;  -  O')  „ 

i  . -  im 


i  ♦  l  Vn 


*i  l  Pir 


for  the  n1  and  then  obtaining  the  attenuation  from  the  expression: 


a 


S.6S6 

Spwv 


?  tot-i>-°i 


In  these  equations  is  the  thermal  equilibrium  population  of  the  1th  level,  n^ 
is  the  dynamic  deviation  from  the  equilibrium  which  would  be  obtained  if  the 
levels  were  frosen  in  energy  at  a  particular  instant  in  tine,  and  the  P^  are  the 
probabilities  of  transitions  between  the  1th  and  Jth  levels  per  unit  time.  The  Gj 
are  linearly  related  to  the  G^  of  the  empirical  model.  This  treatment  gives  the 
usual  expression  tor  a  two-level  system  and  for  a  three-level  system  yields: 


*  “  j :  r{p*<0*  -  °*,a  *  w  -  * vs  -  s>a> 

+  (P^J  +  PaP3  +  P3P1){J>i[W{  -  ap*  *  CO’  -  oj)a]  ♦  p,[(0i  -  oj)>  + 
<0a  “  °3>aj  *  pst<03  "  °i>a  *  (03  ‘  °a>ai)] 


where  P1  »  PJ3  *  P^.  etc.  and  Ya  are  combinations  of  P4.  The  above  expression 
which  can  be  decomposed  into  two,  two-level  expressions,  has  to  be  summed  over  all 
ions.  Since  each  ion  has  a  different  strain  each  has  in  general  a  different  set 


i 


s.-iVv  V- 
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of  Gj  and  P^.  If,  however,  «•  suppose  that  the  P1  ere  equal  then  the  above 
expression  reduces  to  the  eaplrioal  expression  and  the  two  relaxation  peaks 
coincide. 

Ve  note  that  experlaentall;  the  relaxation  peak  is  observed  in  MgO  and 

“**3  in  a  region  where  an  Orbach  tern  involving  the  first  group  of  excited 

2  3  4 

states  dominates  the  relaxation  *  ’  .  A  single  peak  is  observed  In  each  case, 
the  fora  of  which  gives  a  good  prediction  of  the  energy  of  the  excited  states 
CMgO,  110  ca  ,  U||gl  96  ca  V  This  would  not  occur  were  it  described  by  the 
sua  of  two  different  two-level  expressions  and  the  single  peak  is  consistent  with 
the  Pj  being  equal,  la  it  true  then  that  all  the  are  equal  or  are  .here  anot¬ 
her  set  of  elaplifying  clrcuastances?  Rough  calculations  suggest  that  although 
the  P±  will  have  the  sane  teaperature  dependence  they  are  not  closely  equal  in 
magnitude. 

Ve  note  that  the  rate  equation  nethod  is  equivalent  to  ignoring  the  off 
diagonal  eleaenta  in  a  density  matrix  formulation  such  as  that  by  Isawa  at  al. 

The  use  of  the  rate  equations  assumes  that  relaxation  times  are  much  shorter 
than  Tj  relaxation  times.  At  the  temperature  at  which  the  relaxation  peaks  are 
observed  this  approximation  may  not  be  strictly  valid.  The  general  expressions 
for  a  three-level  system  involving  such  terms  are,  however,  very  complex  and 
difficult  to  handle.  It  should  also  be  noted  that  current  Jahn-Teller  theories 

have  so  far  failed  to  predict  the  equal  coupling  of  T  and  I  acoustic  nodes  to 

2+  3 
the  Pe  ion. 
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RAMAN  SCATTERING  STUDY  OF  CORRELATION  BETWEEN  PHONONS  AND  ELECTRON 
SPINS  IN  CdS  AND  ZnTe  UNDER  RESONANCE  CONDITION 

Y.  Oka  and  M.  Cardona* 

Research  Institute  for  Scientific  Measurements,  Tohoku  University,  Sanjyo-Mochi, 
Sendai,  Japan  (Alexander  von  Humboldt  Felloe)) 
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80,  F%R»G* 

Abstract.  -  We  have  observed  for  excitation  photon  energy 
in  resonance  with  the  lowest  gap  of  CdS  and  ZnTe,  intense 
cooperative  light  scattering  in  which  incident  photons- 
are  scattered  by  an  acoustic- /optical-phonon  and  by  elec¬ 
tron  spins.  Fran  the  result  the  interactions  among  the 
electron  spins,  the  phonons,  and  the  excitons  are  dis¬ 
cussed  . 

1.  Introduction.  -  Recent  investigations  of  resonant  Brillouin/Raman 
scattering  of  excitonic  pol art tons  in  semiconductors  have  given  much 
information  about  parameters  of  the  exciton  states  as  well  as  the  po¬ 
lar  it  on  dispersion  111.  Spin  flip  Raman  scattering  of  electrons  and 
holes  arises  resonantly  with  large  scattering  probability  in  the  same 
region  [2].  Therefore  this  scattering  may  strongly  correlate  with  that 
by  the  phonons .  in  this  paper,  the  interaction  of  acoustic  and  optical 
phonons  with  electron  spins  is  studied  by  means  of  ccefcined  light 
scattering. 

2.  Experiment .  -  N-type  CdS  and  p-type  ZrfTe  containing  a  donor  concen¬ 
tration  of  Mo16  cm-3  were  used.  Comnarin  101  (for  CdS)  or  coumarin  7 
(for  ZnTe)  dye  lasers  pumped  by  an  argon-ion  laser  were  employed  with 
a  spectral  width  of  0.025  mev.  Samples  iamersed  in  pumped  liquid  he¬ 
lium  were  placed  in  a  Superconducting  magnet  which  produced  magnetic 
fields  up  to  7T.  The  back-scattered  light  was  analyzed  with  a  Raman 
spectrometer . 

3.  Results  and  Discussion.  -  Figure  1  shews  the  Stokes-  and  anti- 
Stokes-  shifts  observed  in  CdS  at  H*7T  as  a  function  of  incident  photon 
energy,  being  the  energy  of  the  transverse  exciton.  IA  and  TA  are 
the  dispersive  Brillouin  modes  due  to  longitudinal  and  transverse  acou¬ 
stic  photons,  which  reflect  the  dispersion  relation  of  the  polariton 
under  magnetic  field  t3l.  The  intensity  of  these  lines  decreases  when 
the  incident  laser  energy  is  lowered  below  2.550  eV.  The  lines  * A,  how¬ 
ever,  Increase  in  intensity  in  this  lower  energy  region  and  resonate 
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at  2.5454  eV,  which  corresponds  to  the  luminescence  peak  due  to  the 
donor-bound  exclton  (Ij-line) .  The  A  lines  do  not  show  any  dispersion 
(less  than  0.44  meV)  In  the  whole  energy  region  observed.  A  similar 
non-dispersive  line  of  CdSe  has  been  interpreted  as  TA  phonon  scat¬ 
tering  via  bound  excitons  [4  J. 

The  open  circles  in  Fig.  1  (±SF)  only 
appear  under  a  magnetic  field;  their  energy 
shift  is  linearly  proportional  to  H.  The 
g-value  calculated  from  the  shift  is  1.81 
which  agrees  with  the  electron  g-value  in 
CdS  [5].  Thus  these  lines  originate  from 
spin-flip  Raman  scattering  by  electrons. 

For  an  incident  energy  of  2.553eV  the 
Stokes  shifts  of  the  LA  line  and  the  SF 
line  almost  coincide  but  show  no  evidence 
of  a  coupling  of  these  modes.  Therefore 
stokes  shift  sioKEs  smFT  the  spin-flip  process  of  the  electron  ob- 

Fjg.  It  Brillouin  and  spin-  8erved  is  not  correlated  with  the  scatter- 
flip  scattering  in  CdS.  ing  by  acoustic  phonons  in  the  free  exci¬ 


sions  smft  tm-vammn 

ImTI 


Fig.  2;  Cooperative  scat¬ 
tering-  spectra  due  to  la 
phonon  and  donor-electron 
spins. 


ton  state.  In  the  present  sample  of  low  im¬ 
purity  concentration  most  of  the  excess 
electrons  are  localized  in  the  donor  states 
at  low  temperature.  Thus  the  dominant  in¬ 
termediate  state  for  resonant  scattering 
axe  different  in  these  two  scattering  pro¬ 
cesses. 

As  the  excitation  photon  energy  approaches 
2.5454eV  (the  donor-bound  exciton  energy) 
the  spin- flip  line  increases  in  intensity 
by  more  than  one  order  of  magnitude,  indi¬ 
cating  that  the  relevant  electron  spins  are 
localized  in  the  donor  states.  Figure  2 
shows  the  spectra  at  resonance  for  several 
values  of  H.  in  the  bottom  spectra  at  H-O 
the  background  radiation  around  the  laser 
line  is  the  I 2“ luminescence  while  the  sharp 
lines  are  the  ±A  lines.  At  H«0. 5T  the  spec¬ 
trum  changes  dramatically;  Multiple  satel¬ 


lites  arise  around  the  A  lines.  In  ths  top  spectrin  at  H«1T  remarkably 
enhanced  aultiplst  structure  can  be  seen  with  the  spacing  twice  as 
lsrgs  ss  that  at  H-0. 5T.  The  g-value  for  these  multiple  lines  (± AtSF) 
is  the  same  as  for  the  ±SF  line.  As  H  increases  the  SF  lines  become 
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calculated  from  w  =  v  .  q  (v  =  sound  ve- 
5  ■*•  ■  . v  locity)  using  v,A  =  4.25  x  105  cm/sec  and 

m  u  vTA  =  1.84  x  10*  cm/sec.  The  interaction 

|  of  the  bound  exciton  with  the  acoustic 

0  i  i  ,  .  I 

« — \  t  i  i  >  •  »  «  phonons  takes  place  dominantly  for  the 

magnetic  field  (T)  characteristic  wave  vector  qg  ^  1/(re  + 

r.  ) ,  where  r  and  r.  are  the  electron  and 
Fiq.  3:  Magnetic  field  .  .  .  . .  e.  .  "  . 

dependence  of  the  coopera-  hole  localization  of  bound  exciton 

tive-  and  spin-f lip-scatter-state  relative  to  the  Impurity  center  [6], 
ing 

Since  the  binding  energy  of  the  donor- 
bound  exciton  GfiE  is  6.7  meV  measured  from  the  ground  state  of  the 
free  exciton,  r0  +  rh  is  calculated  as  59  8  (hence  qQ  =  1.7  x  10*  cm"1) 
where  we  use  the  free  exciton  binding  energy  G_E  of  29.4  meV,  the  Bohr 
radius  Sg  of  28  8  and  GBE/GyE  -v  (ag/(re  +  rh))*  .  Thus  we  can  conclude 
that  the  A  line  is  caused  by  the  LA  phonon  scattering  via  the  donor- 
bound  exciton  state. 


stronger.  We  show  in  Fig.  3  the  indepen¬ 
dence  of  the  observed  shifts.  To  in¬ 
terpret  this  multiple  spin -phonon  scat¬ 
tering  we  clarify  first  the  origin  of  the 
A  line.  This  line  is  separated  from  the 
laser  line  by  0.44  meV.  The  wave  vectors 
q  of  the  corresponding  acoustic  phonons 
are  1.6  x  10®  cm-1  and  3.6  x  10®  cm-1  for 
the  LA  and  TA  phonon,  respectively,  as 
calculated  from  w  =  v  .  q  (v  =  sound  ve- 


MAGNETIC  FIELD  (T) 


Multiple  spin-flip  scattering  observed  on  donor  electrons  is  due  to 
exchange  interaction  between  the  donor  and  the  donor-bound  exciton  [  2]  . 
As  both  the  LA  phonon  and  the  donor  electron  are  strongly  correlated 
with  the  donor-bound  exciton  state,  intense  spin-phonon  multiple  scat¬ 
tering  can  take  place.  The  appearance  of  the  multiple  spin  lines  as  the 
satellites  of  tire  A  line  shows  that  donor  electron  spins  interact  con¬ 
siderably  with  the  IA  phonon  when  the  magnetic  field  is  low. 

In  SHTe  we  have  also  observed  combination  scattering  by  an  LO  phaoon t 
spin-flip  of  electrons  [ 7]  . 
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MULTIPLE  RESONANT  RAMAN  SPIN-FLIP  PHONON  SCATTERING  AND  29  CM-1  PHONON 
TRANSPORT  IN  EXCITED  RUBY  IN  A  MAGNETIC  FIELD 

A. A.  Kaplyanskii,  S.A.  Basoon  and  V.L.  Shekhtman 

A.P.  Ioffe  Physicotechniaal  Institute ,  Academy  of  Sciences  of  the  U.S.S.R., 
Leningrad  194021,  U.S.S.R. 


Abstract.-  The  paper  reports  on  the  observation  of  an  anoma¬ 
lous  nonmonotonic  dependence  of  trapping  of  the  29  cm-1  pho¬ 
nons  on  nagnet io  field.  The  effect  is  due  to  inelastic  phonon 
scattering  processes  involving  the  creation  (absorption)  of  a 
Zeeaan  quantum  of  the  s-level  (resonance  spin-flip  phonon 
Baman  scattering)  /I/. 


The  trapping  of  29  on-1  acoustic  phonons  in  excited  ruby  /2,3/ 
is  attributed  to  their  Multiple  scattering  by  the  excited  Cr^+  ions 
in  a  resonance  interaction  with  the  S  -  <51  electronic  states.  In  a 
Magnetic  field  H  one  observes  /4  -  7/  a  reduction  of  phonon  trapping. 
This  is  mainly  due  to  a  decrease  of  the  Bpectral  scattering  cross 
seotion  under  the  Zeeaan  splitting  of  the  E,  "SL  levels  which  reduces 
the  number  M  of  the  scattering  events  /4,6/. 

Measurements  were  carried  out  in  a  field  H  II  at  1,8  K  on 
AI^G^jO.02%  Cr  crystal,  pumped  with  cw  Ar  laser  (beam  diameter  \ 

L  a  1.3  an).  The  relative  intensity  of  the  fluorescence  lines 
H  a  lL/&p  which  is  proportional  to  phonon  bottlenecking  factor  M 
/5,6/  has  been  measured. 

Fig.1  shows  a  n  (H)  plot  for  different  excited  ion  concentra¬ 
tions  a  determined  by  laser  power  V.  At  a  low  power,  0.09  V 
(curve  1),  one  observes  a  aonotonic  dropoff  of  r\  (H)  /5,6/.  As  pump 
power  increases  (up  to  0.4  and  0.8  V)  the  behavibr  of  t[  (H)  (curves 
2  sad  3)  reveals  a  clearly  pronounced  anomaly,  i.e.  a  growth  of  r\  (H) 
in  the  field  range  0.6  to  ~  5  kOe.  The  relative  depth  of  the  minimum 
of  H  (H)  at  Ha0.6  kOe  increases  with  increasing  5*  at  &*£  lO1^  ca"^ 

(see  curve  2,3).  At  high  fields  (H>5  kOe)  one  again  observes  a 
decrease  of  q  (H). 

Multiple  phonon  scattering  by  the  two-level  system  E,  21  at  HsO 
is  elastic  (phonon  "resonance  fluorescence"  trapping  /8,9/).  In  a 
magnetic  field,  the  S  -  2X  transition  form  factor  becomes  a  quartet 
with  resonances  at  the  frequencies  A  -  ,  where  A  *29  cm"1,  t 

*  i 


-  - 
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nents  of  the  quartet  correspond  to  non  spin-flip  transitions, the  side 
components,  to  spin-flip  transitions.  Phonon  scattering  on  the  Zeeman 
four-level  system  includes,  besides  the  elastic,  also  inelastic  pro¬ 
cesses  involving  a  change  of  phonon  frequency  u)q  by  the  magnitude 
of  the  E-level  splitting  /5,8/,  the  latter  being  the  resonance 
spin-flip  phonon  Raman  scattering  (BBS).  Corresponding  cross  section 
is 


mwiSff!—*—  ^  * 


^%ir  I  fa-A  /£§})*+ r%  *(rl^.Ar  (la) 

^  fr* r  f2/A  i  r%  1 

rr  l(6kr A  +  (Uo-A  ?  &+*)*?*%  J  (lb) 


Here  CJ  is  scattered  phonon  frequency;  5"0  is  the  cross  section  at 
line  center  (  6J  q=  d  )  at  HsO;  Pfl,Pb  the  occupancies  of  the  Instate 
sublevels  a,b;  I*-  ,  rr  probabilities  of  non  spin-flip  and  spin-flip 
spontaneous  transitions,  respectively,  r«rf  ♦  T*  »  ®"aa  and  <rbb 
C-*  and  •V*  in  (la))  correspond  to  the  elastic  scattering  channel, 
and  rab,  S'ba("-M  and  in  (lb)),  to  BBS  pro  per. Pig. 2  shows  the 
phonon  scattering  processes  at  frequency  d^=d+  coinciding 

with  one  (a-a’)of  the  resonances, which  corresponds  to  the  different 
partial  cross  sections  in  (1). 

At  weak  trapping  the  behavior  of  if  (H)  is  determined  primarily 
by  elastic  processes  since  the  KBS  cross  section  has  a  smallness 
r*/I*  .  Then  /} ( H)  decreases  monotonies lly  (curve  1  is  Pig.l)  due  to 
a  decrease  of  spectral  cross  section  /6,7/  *  At  a  sufficiently  strong 
trapping,  multiple  BBS  esc  yield  a  noticeable  contribution  to  q  area 
at  r* /I* «  1.  Then  in  a  weak  field  multiple  change  of  phonon  frequ¬ 
ency  h 7  i  re sults(pro vided  Pa«Pb)in  a  spectral  diffusion  of  pho¬ 

nons  /5,8 /  manifesting  itself  in  a  steeper  dropoff  of  >j(H)  /?/. 
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An  important  phenomenon  is  the  effect  of  multiple  ERS  on  t\  (H) 
in  strong  fields  (  S ^ T  )  where  the  form  factor  undergoes  splitting 
into  four  resonances.  Indeed,  in  an  inelastic  scattering  of  a  phonon 
of  frequency  03  0  coinciding  with  one  of  the  resonances  (for  instan¬ 
ce,  a-a*  in  Pig.2)phonons  u>0  t  c!^,  are  created. One  of  them(fL>0-d'1) 
enters  the  region  of  another  resonance  (here  b-a*)  and  will  again  be 
scattered.  The  other  phonon  ((Jq+  turns  out  to  be  off  the  reso¬ 
nance  quartet  and  can  therefore  leave  the  volume  easier.  Processes 
involving  the  creation  of  "off-resonance”  phonons  should  apparently 
reduce  the  degree  of  trapping.  As  H  increases,  however,  their  cross 

p 

section,  as  seen  from  (lb),  drops  to  zero  (  in  fields  where 

<$  T  ).It  is  this  point  that  represents  the  main  reason  for  the 
"anomalous"  increase  of  q  (H)  in  fields  0.6  ♦  5  kOe,  since  at 

this  inelastic  process  reducing  the  degree  of  trapping  be¬ 
comes  supressed  with  the  growth  of  H. 

In  strong  fields,  H  >  5  kOe,  only  inelastic  processes  resulting 
in  phonon  exchange  between  the  quartet  resonances  remain  and  q 
should  become  stabilized.  Now  the  observed  decrease  of  q  at  H  >  5 
kOe  (curves  2,3  in  Pig.l)  may  be  attributed  to  a  different  optical 
pumping  of  the  a,b  sublevels  (Pft^P^)  because  of  the  ground  state 
spin  memory  effect  /10/  .  At  the  pumped  volume  is  more  trans¬ 

parent  for  two  of  the  four  resonance  frequencies  which  opens  up  an 
add  jnal  channel  for  phonons  to  escape  from  the  volume  via  their 
transfer  in  inelastic  scattering  to  weakly  absorbed  resonances.*^ 
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On  the  other  hand,  multiple  spin-phonon  ERS  produces  a  reverse  ef¬ 
fect  on  the  populations  P  and  Fb  by  equalizing  them  /2,11/  .  Under 
conditions  of  very  strong  trapping  this  equalization  compensates 
the  spin  memory  effect.  This  may  account  for  the  fact  that  no  decrea¬ 
se  of  q  (H)  is  observed  at  H  >  5  kOe  under  strong  trapping  in  focus¬ 
sed  Ar- laser  beam  (curve  4  in  ?fig.l). 
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COMPARISON  OF  ELECTRON  SPIN-LATTICE  RELAXATION  IN  AMORPHOUS  AND 
CRYSTALLINE  MATERIALS 


A.  Deville,  B.  Gaillard,  C.  Blanchard  and  J.  Livage* 

DApartement  d'Electronique  (E.R.A.  375 )  University  de  Provence,  Centre  de 
Saint- J 4rdme ,  Rue  Henri  Poincare ,  13397  Marseille  Cedex  13,  France. 

* Spectrochimie  du  Solide  (L.A.  302),  University  Pierre  et  Marie  Curie,  (Paris 
VI),  75000  Paris,  France. 


1.  Introduction.-  Mechanisms  and  processes  describing  snin-lattice  relaxation  of 
electron  paramagnetic  centers  diluted  in  a  crystalline  diamagnetic  solid  are  well- 
known.  The  situation  is  somewhat  different  in  amorphous  solids,  where  the  existence 
of  Tw-'-Level  Systems  (T.L.S.)  |l|  |2|  strongly  coupled  to  the  phonons  |3|  is  well 
established.  One  can  then  imagine  that  the  indirect  transfer  of  energy  from  the 
spins  to  the  phonons  via  the  T.L.S.  will  by  pass  the  usual  direct  transfer  from 
spins  to  phonons.  This  will  then  lead  to  new  relaxation  laws.  This  problem  has  been 
recently  examined  by  S.R.  Kurtz  and  H.J.  Stapleton  |4[  for  an  amorphous-like  system 
(6- Alumina  doped  with  Na+...  and  irradiated).  A  similar  situation  has  been  found  by 
J.  Szeftel  and  H.  Alloul  in  B203. . . ) .  Me  hereafter  present  results  obtained  for 
a  true  amorphous  material  and  for  the  corresponding  crystalline  material. 

2.  Origin  of  the  paramagnetic  centers.-  He  studied  paramagnetic  defects  in  V205. 
V*+(3d*)  ha*  no  permanent  magnetic  moment.  We  used  non-stochiometric  oxide  where 
paramagnetic  defects  were  associated  with  oxygen  vacancies.  This  non-stochiometry 
appears  because  V205  heated  above  its  melting  point  (650°  C)  loses  oxygen.  The 
amorphous  material  was  obtained  by  spla,  cooling. 

in  crystalline  V2O5,  we  have  an  E.P.R.  spectrum  consisting  of  15  lines  caused 
by  an  additional  electron  (S  =  1/2)  delocalized  over  two  vanadium  (I  =  7/2),  the 
electron  spin  being  coupled  to  both  nuclear  moments. 

In  amorphous  V205,  the  E.P.R.  spectrum  consists  of  8  lines  ;  the  additional 
electron  is  localized  on  a  single  vanadium  (V4*3d!),  the  electron  spin  being 
coupled  to  the  nuclear  moment  of  the  vanadium  ion.  Although  V205  is  a  semiconductor, 
in  these  experiments  the  electron  may  be  considered  bound  to  a  given  paramagnetic 
center  (very  low  mobility). 

3.  Experimental  results.-  Me  measured  Tj  by  the  saturating  pulse  method.  For  the 
crystalline  sample,  in  the  temperature-range  1.4  -  50  K  (fig.  1)  : 

T,'1  *  12.5  T  4  3.1.103/Sh  ^  (T  s>  T|C) 


MICROCOPY  RESOLUTION  TEST  CHART 

NATIONAL.  SONCAU  Of  STANOAftOS  -  IMS  -  A 
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For  T  >  30  K  it  is  difficult  to  saturate  the  system  because  Me  have  a  broad  inho¬ 


mogeneous  line. 


For  the  amorphous  sample  (fig.  2),  in  the 


crystalline  V205.  •  pulse  saturation, 
o  progressive  saturation.  The  solid 
curve  corresponds  to  eq.(l). 


temperature-range  1.4  -  100  K  : 


(Tis,  Tk) 


Fig.  2  :  Temperature  variation  of  the 
spin-lattice  relaxation  time  of  amor¬ 
phous  v20«.  e  pulse  saturation. 
Experimental  variation  corresponds 
to  the  solid  curve,  dashed  curve 
corresponds  to  eq.  (2). 


4.  Interpretation.-  In  crystalline  V205,  for  T  <  2  1C,  me  have  the  usual  direct 
process.  For  T  >  5  K,  the  dominant  process  Is  characterized  by  an  energy  E^.  *16.5  K 
and  Is  also  a  one-phonon  process  since  Tj”1  «  T  mhen  T  »  20  K.  According  to  Murphy 
model  1 5 ( ,  the  spin  is  coopled  to  the  phonons  via  a  system  having  two  energy  levels 
,  *B  separated  by  Er.  The  efficient  transit  lens  are  ft  1/2,  e^><-->  |yi/2,  eR> 
and  ese  phonons  with  an  energy  <*  Er.  The  origin  of  ’thoie  two  energy  levels  Is  still 
uncertffn.  An  explanation  is  to  consider  that  the  electron  is  submitted  te  e 
sjeetvicel  double  well  potential  |8ft  then  each  vibratlenat  state  is  split  in  two 
levels  by  tunnel  effect.  The  energy  splitting  difference  te  much  less  then  the 
vibrational  energy  ito.  At  low  temperature  we  have  to  consider  only  the  vitw  etienal 
ground  state*  In  masrphoui  tgOg.,  foe  T  <  W  *.  T*"1  «  T2.  lie  mleepttle^paeel- 
blllty  of  e  phonon-bottleneck  et  W  -K.irttbjBur  ixpt«|r(iO”*  )• 

hear  100  K,  T,*1  approaches  «  linear;  dependence,  uAftth  ijpdifktfe  a  pee  phonon 
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process.  Me  Interpret  this  behaviour  supposing  that  the  spins  are  coupled  to  the 
phonons  via  the  T.L.S.  The  T.L.S.-phonon  coupling  Is  strong  ;  Its  hamlltonlan, 
with  usual  notations,  1$  |3|  : 

*,.»■!#[  -A 0ax  +  Aazj  where  and  az  are  Pauli  matrices  acting  on  the  eigen¬ 
states  of  the  T.L.S.  The  spIn-T.L.S.  coupling  Is  less  known  ;  our  results  suggest 
It  Is  efficient  In  our  case  ;  a  general  expression  for  Its  hamiltonlan  Is  : 


T.S.  "  <eeH  Ag  S  +  I  AA  S)  (-  ^  +  |oz). 


Following  S.R.  Kurtz  and  H.J.  Stapleton  |4|,  the  transition  probability  for  a 
definite  spin  to  flip  through  the  coupling  with  a T.L.S.  and  the  phonons  (Debye  model) 

A2  A  2 


ise- 


E>  »<g) 

expression  (2),  the  cutoff  value  for  the  energy  of  the  T.L.S.  being  2E(|ix  *  56  K. 
In  the  transition  probability  we  have  omitted  an  additional  term  leading  to  a 
T4  dependence  unobserved  In  the  present  case. 

The  efficient  process  Is  pictured  In  figure  3  : 


.  Averaging  over  A  and  A  with  Philips  distribution,  one  finally  gets 


SPIN  -T.LS. 
COUPLING 


T.  I.S--PHOKOM 
COUPLING 

4. 


SPJW* 


T.I.S. 


Fig.  3  :  Indirect  spin  phonon  coupling 
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ELASTIC  MODULI  OF  LINEAR  ANTIFERROMAGNET  CsNiCl3  ' 

K.R.  Mountfield  and  J.A.  Rayne 

Department  of  Physios,  Camegie-Me l Ion  University ,  Pittsburgh ,  Pennsylvania 
15213,  U.S.A. 


Abstract .  -  The  plastic  constants  of  the  linear  chain  antiferromagnet  CsNiClj 
have  been  measured  using  a  phase  comparison  Method.  At  29S  K  the  measurements 
give  Cj 2=3.58+0. 07,  C33=6.2S+0.12,  C44*0.60±0. 10,  C66=(C22-C12)/2  « 

1.12i0.02  and  Ci3=l . 0+0.2  in  units  of  10^  dyne  cnr+.  The  corresponding 
bulk  modulus  is  2.2±0.4  x  10*1  dyne  cm-*  compared  to  the  value  2.5  x  10" 
dyne  cm-2  estimated  fro*  thermal  expansion  data.  C33  clearly  shows  the 
effects  of  magnetic  ordering  along  the  chains  near  30  K  and  of  the  spin 
rearrangement  associated  with  three-dimensional  magnetic  order  near  4.4  K. 

The  former  is  consistent  with  a  spin-phonon  interaction  involving  mag- 
netostrictive  coupling  through  the  intrachain  exchange  constant. 

/ 

I 

1.  Introduction.  -  There  is  considerable  interest  in  the  properties  of  linear  chain 
antiferromagnets,  particularly  CsNiCl3  [1].  This  compound  has  a  hexagonal  D^h 
structure,  in  which  the  nickel  atoms  form  chains  parallel  to  the  c-axis.  The  chains 
are  characterized  by  an  intrachain  exchange  parameter  J  which  is  much  larger  than 
the  interchain  parameter  J’,  the  ratio  J/J'  being  150.  Correspondingly,  short-range 
antiferromagnetic  order  develops  within  the  chains  near  T^  ^  30  K  while  three  di¬ 
mensional  ordering  occurs  at  the  much  lower  temperature  N6el  temperature  T^  %  4.4  K. 
A  spin  rearrangement,  involving  a  ninety  degree  rotation  of  the  spin  component  nor¬ 
mal  to  the  c-axis,  occurs  at  TR  s.  4.4  K.  Magnetic  ordering  effects  have  been  ob¬ 
served  in  a  number  of  properties,  e.g.  magnetic  susceptibility  [2,3]>,  heat  capacity 
[4,5],  and  thermal  expansion  [6]. 

In  this  paper  we  present  the  results  of  elastic  modulus  measurements  on  CsNiClj 
usi..g  a  phase  comparison  method.  The  data  at  295  K  give  a  bulk  modulus  in  reason¬ 
able  agreement  with  that  inferred  from  thermal  expansion  measurements.  Anomalies  in 
the  temperature  dependence  of  Cjj  are  observed  both  in  the  vicinity  of  TMx  and  TR. 
The  former  is  consistent  with  a  simple  model  for  spin-phonon  interaction  involving 
magnet ostrict ive  coupling  through  the  exchange  constant  J(c) . 

2.  Experiment.  -  Measurements  were  made  on  single  crystals  of  CsNiClj  grown  in 
sealed  quartz  ampoules  by  the  Bridgmann  method.  Orientation  of  the  samples  was 
facilitated  by  their  tendency  to  cleave  along  {ll20}  planes.  Suitable  specimens 
ware  produced  by  lapping  the  cleaved  crystals  to  form  parallel  surfaces,  with  nor¬ 
mals  parallel ,  perpendicular  and  at  45*  to  [0001],  approximately  Sam  apart. 
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Elastic  modulus  measurements  were  Bade  at  10  MHz  by  a  phase  comparison  method 
using  X-  and  Y-cut  co-axially  plated  transducers  to  generate  longitudinal  and 
shear  waves,  respectively.  Room  temperature  data  were  obtained  using  Salol  bonds, 
while  low  temperature  measurements  were  made  with  Duco  cement  or  Nonaq  as  bonding 
agents.  The  sample  temperature  was  monitored  by  a  platinum  resistance  thermometer 
down  to  77  K  and  a  calibrated  germanium  thermometer  below  77  K.  Changes  in  the 
elastic  moduli  in  the  range  4-10  K  were  obtained  by  monitoring  the  phase  change  on 
continuous  heating  with  a  PAR  Model  162  boxcar  integrator  and  by  displaying  the  out¬ 
put  against  the  resistance  of  the  germanium  thermometer  on  an  X-Y  recorder. 


3.  Results  and  Discussion.  -  Table  1  shows  the  results  of  the  elastic  measurements 
and  295  K  using  the  X-ray  density  of  CsNiClj,  p  *  3.755  gm  cnf^.  There  is  good  con¬ 
sistency  between  the  redundant  determinations  in  this  table,  both  for  the  pure  modes 
as  well  as  the  quasi -pure  modes  propagating  off  symmetry  directions.  From  the 

latter  we  obtain  the  cross -coupling  stiffness  constant  C._  *  1.0  ±  0.2  x  1011  dyne 
-2  11 
cm  .  The  resulting  value  of  bulk  modulus  at  295  KisB=2.2±0.4xl0  dyne 

-2  11  -2 
cm  ,  which  compares  well  with  the  estimate  of  2.5  ±  0.5  x  10  dyne  cm  obtained 

from  thermal  expansion  data.  It  is  of  interest  that  the  value  of  Debye  temperature 

8p  for  CsNiClj  computed  from  the  room  temperature  elastic  constants  is  181  +  5  K, 

which  is  much  higher  than  the  value  153  i  5  K  obtained  from  heat  capacity  data  [5] . 

The  discrepancy  suggests  that  the  latter  figure  correspond  to  a  temperature  range 

(6-15  K)  in  which  phonon  dispersion  effects  are  still  significant  and  that  0D  has 

not  reached  its  limited  value. 


Table  I.  -  Elastic  Moduli  of  CsNiClj  at  295  K 


Propagation 

Direction 

Polarization 

Direction 

Modulus 

value 

(1011  dyne  cm'2) 

[0001] 

[0001] 

[1120] 

C« 

e4 

6.25  *  0.12 
0.61  ±  0.01 

11210] 

[1210] 

[0001] 

[oe!oj 

CU 

C66  "  (C11  '  C12J/2 

3.58  ±  0.07 
0.60  ±  0.01 
1.12  ±  0.02 

45*  to  [0001] 

Ql 

c  * 

cQU 

(C44  fcW/2 

3.55  t  0.08 

in(l2l0) 

QT 

[lolo] 

1.45  ±  0.02 
0.89  ±  0.01 

*  Qiasi- longitudinal  and  transverse  modes  pith  effective  moduli  CL,  .C-—  given  by 

)2]l/2.  Mb  wi 


CQL,CQT  "  ♦  Cjj+ 2C<4)  ±  l/dKC^j  -  Cj3)  ♦  4CCj3  ♦  C^4> 


Figure  1  shows  the  temperature  dependence  of  CS3*  corresponding  to  longitudinal 
wave  propagation  along  [0901],  From  the  dashed  line,  which  Mows  the  expected  de¬ 
pendence  in  the  absence  of  magnetic  interactions,  it  can  be  seen  that  there  is  s 
pronounced  anomaly  near  similar  to  that  observed  in  the  heat  capacity.  This 
behavior  it  consistent  with,  a  simple  hydrodynamic  model  for  the  spin- phonon  inter¬ 
action,  involving  aagnotostrictive  coupling  between  neighbouring  spins  though  the 
intrachain  exchange  constant  J  -  J(c) .  It  is  readily  shown  that  this  nodal  gives 
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Fig.  1  :  Temperature  dependence  of  modulus  C33.  Dashed  line 
shows  expected  behavior  in  absence  of  interactions.  Inset 
shows  change  in  modulus  below  10  K. 

a  velocity  change 

2  C  T 

^  *  -  constant  (y  -5j  ,  (1) 

Mv 

where  is  the  nagnetic  specific  heat  per  mole  and  M  the  corresponding  ■olecul 

weight.  Using  the  present  data,  the  experimental  values  of  (^[5]  and  y|J  *  j 

-  «  21  1  3  obtained  from  thermal  expansion  measurements,  we  find  that  th 

constant  is  of  the  order  unity.  It  is  of  interest  that  the  modulus  C..  does 

not  exhibit  an  anomalous  temperature  dependence.  This  result  is  easily  explain 

on  the  above  model,  since  a  shear  wave  propagating  along  [0001]  does  not  produc 

a  modulation  of  the  e-parameter  and  hence  the  exchange  constant  J. 

Reference  to  the  inset  of  Figure  1  shows  that  the  modulus  CJ3  exhibits  a  pi 

neunced  anomaly  at  T  but  is  essentially  continuous  at  T„.  This  behavior  is  in 
R  w 

consistent  with  a  hydrodynamic  model,  since  shows  a  distinct  peak  at  both  temp 
atures .  Further  experiments  are  being  conducted  to  investigate  the  apparent  ani 
tropy  of  the  exchange  interaction  associated  with  the  three  dimensional  orderin. 
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A  MICROSCOPIC  TRANSPORT  THEORY  OF  ELECTRON-PHONON  SYSTEMS 


A.S.  Wagh 

Physios  Department,  University  of  Weet  Indies,  Mona,  Kingston,  Jamaica,  W.I. 


Aba  tract  -  The  tMKlM  Groan  functions  are  used  to 
derive  kinetic  equations  of  a  system  of  electrons  and 
phonons  interacting  with  Prohlich  haailtonian.  A  suit¬ 
able  connected  diagram  analysis  is  used  to  derive  simul¬ 
taneous  equations  similar  to  Kadanoff-Baya  equations. 

The  initial  correlations  are  shown  to  decay  in  time  com¬ 
parable  to  the  macroscopic  time  scale.  The  general 
transport  equations  derived  in  the  steady  state  are 
applicable  to  various  transport  processes.  It  is  shown 
that  the  previous  aasusqitlon  of  considering  the  phonons 
to  be  in  thermal  equilibrium  is  justified  only  for  di¬ 
lute  systems  and  phonon  drag  is  appreciable  in  denser 
systems. 


1.  Introduction.  The  two-time  Green  functions  have  been  extensively  used  by 

Kadanoff  and  Bay'-  study  the  evolution  and  transport  of  a  quantum  mechanical 

imperfect  gas.  we  extend  this  formulation  to  the  electron  phonon  system.  A  connec- 
2 

ted  diagram  analysis  is  used  to  derive  the  evolution  equations  from  the  theorem  by 
Bloch  and  Domenicis  .  We  obtain  four  transport  equations  two  for  electrons  and  two 
for  phonons,  the  latter  describing  phonon  drag.  Using  these  equations  it  is  possible 
to  show  that  the  phonon  drag  is  negligible  for  dilute  systems  such  as  electrons  in 
semi conductors  but  can  be  appreciable  in  metals. 


2.  The  Evolution  aquations.  The  Frohlich  hamiltonian  for  electron  phonon  interac¬ 
tion  is  given  by 

H  -  Hq  +•  Xv  *■  /lhQ(p)  +  ♦(Ig^.t)  Ja+<£)a<£)d£  +  /Spb+(£)b(£)^ 

Pjjalp^lblp^)  +  a+(pj)a(p^  ♦  p^)b+(Pj)l  (1) 

Here  a<£)  and  b(g)  stand  for  annihilation  operators  for  electrons  aad  phonons ,  4  is 
the  external  field  and  other  symbols  have  their  usual  mewing.  The  partial  Green 
functions  g<  for  electrons  and  n*  for  phamons  ere  defined  by 

g<(l,2)  -  -lttfeataad)}  it'd,**  -  i*rfpto*t»bU)> 

g>(l,2)  -  -i*r{peU)e+(2>) 


n>(l,2)  »  it»{pb(l)b+(2)> 


(2) 
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%fhere  the  synfcois  1  and  2  stand  for  and  (£3,^)  .  The  evolution  of  g*  (1,2) 

■ay  be  studied  by  differentiating  each  of  these  with  respect  to  the  times  t^  and  t^ . 
One  obtains  for  example 

if**1'2’-  -iTr{pa+(2)  U+tt^  fa^)  .HjUCt^  } 

-  tho(l)  +  U<Ml))g<(l,2)  -  iTr{pX/d£3Yj?3[a+(2)a(£1-£3,t1)b(£3,t1) 

+  a+UJatej+^.t^b+f^,^)]}  (3) 

This  equation  is  not  in  closed  form.  One  needs  to  analyze  it  by  means  of  perturba¬ 
tion  and  connected  diagram  technique,  the  essential  features  being  similar  to  the 
one  obtained  from  Nick's  theorem  for  an  imperfect  gas.  Here  however,  we  start  from 
Bloch  and  Dominicis3  theorem  that  the  average  <  ABC. .  •>  for  operators  A,B,C,  etc.  may 
be  decomposed  into  averages  of  the  pair-products,  viz. 

<ABC.  •  •  >  -  I ( ±1 )  "<AB ><CD> .  (4) 

n 

where  +  stands  for  phonons  and  -  for  electrons.  The  descriptions  of  the  self-energy 
parts  is  given  in  the  table.  One  obtains  for  g 

i-^-  (ho(p1)+^(£1)]g5  +  /2dt3/dp3^(l,3)g>(3,2)  -  t^d^/dp^d*  )g*<3,2) 

-f1  <*t3/dp3r$(l,3)g^{3,2)  +  i^a^fdSL^a.Pj.  iex)g$(p3,iB1,2)  (5) 

>  >  ± 

where  -  e<  +  e  •  The  last  term  in  eq.  (5)  is  due  to  initial  correlations,  which 

are  due  to  our  choice  of  initial  t  me  as  t.  •  0.  In  a  similar  manner  one  writes 

.  >  >  X 

equations  for  and  for  n<  all  having  sarnie  form  of  Kadanoff  and  Bay*  equations. 

“c2 


3*  Dacay  of  Initial  Correlations .  Though  the  electron-phonon  interaction  is  a  long 
range  potential,  we  show  here  that  the  initial  correlations  die  out  by  the  time 
steady  rate  is  reached. 


If  the  system  is  initially  in  thermal  equilibrium,  the  initial  Green  functions 


for  electrons  obeying  classical  statistics  are 


9o^li6i'2) 


♦ie(p)  t2+tr-Sa(p) 


ig>(l.Pa,16i)- 


-^•(pHigtpKj 


(6) 


where  £  <*  i(£j-£2),*  and  a  are  particle  energy  and  fugacity .  The  initial  correla¬ 
tion  term  involved  in  eq.  (S)  for  a  linear  lattice  with  one  atom  per  lattice  in  bina¬ 
ry  collision  approximation  is 

I  -  ^iBd(i(Jx)/^3r<(l,£3,i*1)g>(-£J,  1^,2) 


-  iVWi/’Vy  1.«-“e-ei)1s*irE,> 

*  *  p  .-M(P’) 

x.^[U(p)V(e.it2)e(p)]{^i(-p-,T-i  +  >  (7) 

■ere  is  tbs  phonon  moemntua  obtained  at  the  edge  of  the  first  Brillouin 

■one.  Mewing  phonon  svorgy  to  be  wall  as  oonpazed  to  the  electron  energy  and  for 
a  linear  lattice 
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§(p)  ”  S.sinip'asJS.p'a  (8) 

where  §.  is  a  constant  of  the  crystal  and  a  Is  a  lattice  constant,  we  obtain 


i(?jr+i5*p,a,tlH'SE  (B-iti)  -  5'(6-ui> 


i*(p)tt  -t  ) 

I»A (B)e  A  (p',B)e 


dp- 


L 

e 


p(6-it1> 


(9) 


where  we  have  used  energy  conservation  relation  C(£)±§(£‘ )  ■  •  (£  ±£r) . 

I  decays  at  the  most  as  —  or  ~  .  Thus  as  t. ,  t-r*“  the  whole  term  vanishes, 
ti  t2  r 

Thus  initial  correlations  are  completely  removed  from  the  description  of  the  steady 
state  which  is  studied  only  after  a  long  time. 


* 

I 

i 

! 

f 


* 

I 

i 


4.  The  Steady  State  Transport  Equations.  Dropping  the  initial  correlations  and 
following  the  usual  procedure1,  the  steady  state  transport  equations  can  easily  be 
obtained  as 


M  .  3_, 

3t  3d1 


gM  -  G$Z*  +{tG^.  zVlG*.  th  } 


(10) 


and  <-§£  +  ‘  VS^  “  +  {  eVs*]- (e4,S*) 

>  > 

where  G  and  S  stand  for  electron  and  phonon  steady  state  Green  functions  each 
along  with  the  self  energy  parts  being  functions  of  macroscopic  momentum  £,  particle 
energy  oj,  position  R  and  time  T.  The  square  brackets  are  generalised  Poisson  brac¬ 
kets.  These  equations  are  Markoff ian  and  homogeneous.  They  can  be  used  for  the 
study  of  various  transports.  Here  we  shall  use  them  to  Btudy  the  role  of  phonon 
drag  in  electrical  conduction. 


5.  Phonon  Drag.  The  equations  (10)  can  be  linearised  in  the  electric  field,  to 
see  the  effect  of  the  phonon  drag,  the  linear  parts  of  the  Green  functions  G^  and 
s5  can  be  expanded  for  a  homogeneous  system  as 

ii 

> 


*  s£(£,u»  - 


(U> 


Substitution  of  these  into  the  linear  equations  and  comparing  the  terms  of  the  same 


order  of  X  yields  In  the  lowest  order 


£ 

< 


v 

1X2 


4 


2 

S,  -  0 

Lo 


£  “ 


£ 


/..  ./dfc’dfc'  'dm'dtu'  * yp '  (£■£'■£'  *>  4(w"  w'”"'  ’>  IG^E'w’JS^p'  '*#  ,)G«q 


i  <  >  > 

+  similar  terms  in  g£)  ♦  6(£-£,'♦p,3$(»»<l),+w, ')  [GI(0(p,w•)S)(<1(p"w, 

+  similar  terms  In  G*1  (12) 

where  v  is  the  frequency  of  the  field  sad  we  equilibrium  Green  functions. 

It  Is  interesting  to  see  that  C£2  has  no  phomon  drag  term,  it  is  also  a  tern  linear 
in  electron  density.  Thus  in  dilute  systems  like  semiconductors ,  phonon  drag  has  no 
contribution  to  the  conductivity  but  the  same  cannot  be  said  in  metal#. 
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TABLE  I.  Simplest  seif-energy  diagroms  and  the  corrsspondinf  expressions. 


Symbol 

Simplest  Diagram 

Expression  in  the  second  order 

£*0.3) 

$4  A  «Vb» ‘iAV*5 

Z  0,3) 

£  tea  tel  W*.  fb-£, *,> 

X*>(M.*S*S> 

£"(1,3) 

o 

te4  tea  ^4  A  9<(»>r  1*4  Pf  Ps  V 

x»>(p4*i.£s,») 

8+(1,3) 

o 

^  teaWs^Pa  i,  «V ta‘,.£r£s‘s> 

£  (1,3) 

'O' 

f.O — h-U 

£  tea  te  A  A  «"(£,- £a ‘..Ps-Ps**) 

X9<‘£a‘,£.‘.) 

<< 

£  (1.3) 

-,Q* 

£  teateA  ^P.  atfe-BaVEi-J,*; 

Xa>(£a*i.£s  V 
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HOMOGENEOUS  BROADENING  Of  ZERO-PHONON  LINES  FOR  A  MULTILEVEL  SYSTEM  IN 
A  CRYSTAL  :  THE  ROLE  OF  THE  ELECTRON-PHONON  INTERACTIONS 

A.  Barchielli  and  E.  Mulazzi* 

Istituto  di  Fisiaa  dell  'Universitd,  via  Celoria  16,  Milano,  Italy  and 
Ietituto  Nazionale  Fisiaa  Nuoleare,  Sezione  di  Milano,  Italy . 

*Istituto  di  Fisiaa  dell  'University,  via  Celoria  16,  Milano,  Italy  and 
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Abstract.-  He  present  the  evaluation  of  the  homogeneous  broadening  for  a  Jahn 
Teller  centre  in  a  crystal  when  interactions  which  cause  Interlevel  mixing  are 
present.  Contributions  coming  out  from  one  and  two-phonon  processes  are  taken 
into  account.  The  special  case  In  which  the  mixing  is  due  to  the  presence  of 
spin-orbit  interaction  is  also  treated. 


We  consider  a  multilevel  system  in  interaction  with  the  lattice  phonons, e.g.  an 
optical  electron  of  an  impurity  in  a  crystal.  This  is  the  typical  problem  of  discrete 
levels  embedded  in  a  continuum.  In  a  first  approximation, these  discrete  levels  have 
an  intrinsic  width  when  the  interaction  with  the  continuum  mixes  them.  Anyhow, 

the  problem  Is  not  trivial  if  one  is  Interested  In  obtaining  the  expressions  for  the 
widths  of  the  zero  phonon  lines  and  the  multi-phonon  processes  when  the  levels  are 
degenerate  and  Jahn-Teller  Interactions  are  present.  He  study  this  problem  In  the 
framework  of  the  open  system  theory,  by  using  a  method  recently  developed  In  Ref.l. 

As  It  has  already  been  shown  in  Ref.Z,  the  optical  response  function  can  be  written 
as  (l*M(t))  exp  Gt,  where  exp  Gt  represents  the  "Markovian''  behaviour  which  dominates 
In  the  long  time  limit,  and  M(t)  represents  the  'memory"  corrections  to  the  Markovian 
behaviour  which  dominate  In  the  short  and  Intermediate  times.  M(t)  Is  determined  by 
the  multi-phonon  processes,  while  the  real  part  of  G(ReG— y/2)  gives  the  width  r.and 
therefore,  the  homogeneous  broadening  of  the  zero-phonon  line.  In  this  short  report 
we  limit  ourselves  to  shorn  the  expressions  of  such  widths  for  a  simple  model:  only 
three  electronic  levels  are  considered,  the  ground  and  two  excited 

levels;  the  Interaction  with  the  lattice  phonons  is  treated  In  the  linear  approxima¬ 
tion.  The  electron-phonon  Interaction  Hep  can  be  written  as 

Hep  *  Wl.j-1  h1j<r"v>u<r"v>  (!) 

r  labels  the  symmetry  group  representations  according  to  which  the  various 
operators  transform,  v  Is  the  partner  index;  the  u(r,v)  are  the  (r.v)-symmetrlc  dls- 
placements  and  the  h^fr.v)  are  the  electron-phonon  Interaction  matrices  (1,j*1,2 
refer  to  the  two  excited  levels);  for  1»j  they  represent  the  Interactions  on  the  two 
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excited  electronic  leve1s(Jahn-Te11er  interactions),  while  for  1/j  they  represent 
the  interactions  which  mix  the  two  excited  levels  (mixing  interactions).  No  interact¬ 
ion  involves  the  electronic  ground  level. 

We  give  in  the  following  the  perturbative  expressions  (up  to  the  fourth  order) 
of  j'for  the  higher  excited  level  (level  2)  by  considering  two  different  cases: 

a)  “„-i<  w  ;  b)  (o  <  w,,  <  2u 
•  21  max  max  d\  max 

where  w21  is  the  frequency  difference  between  the  two  excited  levels  and  wmax  is 
the  maximum  frequency  of  the  one-phonon  spectrum. 

a)  In  this  case  the  electron  can  decay  form  the  level  2  to  the  1  through  <■  emiss¬ 
ion  of  one  phonon.  This  process  gives  Yq^»  the  second  order  contrlbuti  o  y. 

We  neglect  all  the  fourth  order  terms  but  the  one  containing  the  Jahn-T»  inter¬ 
actions  only  (yjj) .  This  terra  can  be  comparable  to  if  the  Jahn-Tel'  nteract- 
ion  couplings  Xjj  are  stronger  than  the  mixing  ones  xM(say  Xj-^rT^).  Urn  ;e  as¬ 

sumptions  we  have 

Y=Y<1,+vJr  (2) 


YD1)=flL^rviTr<h21(r*v)h12^-v)^n<“21>+1)Pr(“2l)  <3) 

YJT  =  ^Irv  iTr(-[^r,v),hjr',v‘|2). 

r‘ v‘ 

“max  , 

/  d-  n(u.)(n(.)+l)  Jr  Pr(«2)pr,  (»2)  (4) 

where  N  is  the  degeneracy  of  the  level  2,  n(«)  is  the  phonon  population  and  the 

Pr(u2)  are  the  densities  of  one-phonon  states  of  r  symmetry.  is  due  to  the 

emission  process  of  one  phonon  whose  frequency  Is  equal  to  <> >21.  These  processes  are 

more  Important  as  the  Pr(«2)  for  u-»2|  are  more  intense.  In  Eq.(3)  we  have  excluded 

the  exceptional  case  that  all  Pr(»|j)  vanish.  The  expression  of  yq  well  known  in 

the  framework  of  open  system  theory.  3  yJT  Is  determined  by  phonon  absorption  and  re- 

emission  virtual  processes  (note  that  yjj  too  is  positive).  It  Is  worthwhile  to  note 

that  yl})  Is  the  only  one  contribution  to  the  homogeneous  broadening  y  at  T*0°K. 

u  ?2l 

b)  In  this  second  ease  the  principal  contribution  r'jj'  to  y  Is  due  to  the  decay  of 

the  electron  from  level  2  to  1  through  the  emission  of  two  phonons.  Moreover,  also 

phonon  absorption  and  re -emission  processes  contribute  to  y  .  Now  the  expression  of 

y  Is: 

T  “  TD2\jT  +  T*  (5) 


where  Yjj  Is  given  by  Eq.(4)  and 


,(B)-  X  ’■r((h22(r.v)n2t(r'.v' }-h21(r' ,v* 

7*1.  WV > 

-i  W2 


)h^|(r,v)).(h.c.)} 


(«) 
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^  Tr(hi2(r« vjhji  ( Tt v)h^{ r',v‘ )^2i  (r  »v  )). 


7“max  fr(“) fr,{-“) 
1  dw  —  -  - 


max 


(“-“21^ 


(7) 


(8) 


The  function  fr(w)  is  given  by 

f  /„.)  _  £  (n(u)+l)P[,(io2},  <*£_  0 

V  '  -  ^  n(-w)0  (w*)  .  «<0 

Note  that  y<2>  is  determined  by  both  the  Jahn-Teller  interactions  (h^(r,v))  and  the 
mixing  ones  (h^(r,v),  ijfj).  In  fact,  the  two  phonon  emission  can  be  determined  only 
through  a  two  steps  process,  where  the  two  different  kinds  of  interactions  are  invol¬ 
ved.  A  two  phonon  emission  through  a  one  step  process  could  happen  only  if  we  had  con¬ 
sidered  quadratic  interactions. 

At  T=0°K  the  expression  of  y  Is  given  by 

rr_m-  (2).  2*  y  (“tax.,..  Pr(«2)pr*((<-2i-“}2) 
y(T=0)  VD'=  *7  £Jo  d*-1 - Ej - 

•  jj-  T!" { ( h22 ( r » v)i*2i ( r*  iv1  )_^21  (^* * v"  I 


(9) 


Note  that  t,t  and  do  not  contribute  at  T=0°K,  because  they  involve  phonon  absorpt- 

J I  m 

ion  and  re-emission  processes. 

The  former  expressions  for  the  homogeneous  broadening  y  hold  also  in  the  case 
where  the  mixing  Interaction  is  determined  only  by  the  spin-orbit  Interaction.  Let 
the  Hamiltonian  we  consider  have  the  expression 

(10) 


H  =  H  +  H  +  H, 
e  ep 


SO  +  Hph 


Hg  is  now  the  electron  Hamiltonian  where  the  spin-orbit  interaction  acting  on  the  de¬ 
generate  levels  has  been  already  taken  into  account;  HS0  is  the  part  of  the  electro¬ 
nic  spin-orbit  interaction  which  mixes  the  electron  levels  and  H&p  is  the  e-p  inter¬ 
action  Hamiltonian  on  the  degenerate  levels,  let  us  consider  now  the  case  of  spin-or¬ 
bit  coupling  comparable  with  the  e-p  one.  Taking  into  account  two  excited  levels  as 
before,  when  w,. <u„v  (case  a),  the  homogeneous  broadening  is  given  by  Eq. (2)  where 
YjT  Is  given  by  Eq. (4)  and  y' q  by 


F  4„k?^k,{<2;MHS0l1;V<1;k3'hll(r,v^1;V 

v  n(s>2i)+l 

-<2 ik-j  ( hg2( r » v)  1 2;k3><2 ;kg |HSo 1 1  ;kg> } | 2  jr-  pr(“zi) 


(") 


The  | a;  k>  are  the  electronic  states;  t-1,2  numbers  the  two  levels  and  k  Is  the  dege¬ 
neracy  Index;  all  the  other  symbols  have  been  given  before.  Note  that  y  is  determined 
by  the  combined  action  of  Hep  which  does  not  mix  the  electronic  levels  and  Hjg  which 
mixes  them. 
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PHONON  SCATTERING  AT  FREQUENCIES  NEAR  THE  EXCITON  FREQUENCY  OF 
TWO-LEVEL  DEFECTS 


J.H.  Tucker 

Physios  Department,  Sheffield  University,  Sheffield  S3  7RH,  England. 


Abstract.-  In  the  diagrammatic  temperature-dependent  perturbation  theory  of 
coupled  spin-phonon  systems  an  essential  quantity  determining  the  poleB  of 
the  phonon  Green  function  is  the  polarisation  matrix,  N,  of  the  generalised 
spin  susceptibility.  Near  the  spin  exoiton  frequency  the  resonance  contri¬ 
bution  from  the  polarisation  matrix  to  all  orders  is  required.  Hitherto  only 
the  chain-like  diagrams  that  occur  in  the  theory  have  been  retained.  For  M. 
we  show  that  an  important  contribution  also  arises  from  other  diagrams  4 
previously  neglected,  whose  inclusion  is  essential  if  H.  is  to  remain  finite 
in  the  high  temperature  limit.  4 


1.  In t roduct ion.-  In  recent  years  there  has  been  considerable  interest  in  the 
excitation  spectrum  of  localised  defects  (for  example,  paramagnetic  ions)  interacting 
with  the  phonons  of  the  host  lattice  in  which  they  are  embedded.  In  addition  to 
knowledge  of  the  excitation  frequencies  the  lifetimes  of  the  coupled  excitations  are 
of  interest  because  they  enter  into  a  calculation  of  the  thermal  transport  properties 
of  the  system  /l/  as  well  as  contributing  to  the  linewidth  in  spectroscopic  measure¬ 
ments,  for  example,  in  phonon  Bpectroscopy  /2/  or  in  neutron  scattering  experiments 
/3/.  One  system  that  has  been  widely  studied  is  that  of  paramagnetic  ions  having  an 
effective  spin  jr  coupled  to  the  phonons  of  the  host  crystal  through  an  interaction 
linear  in  the  strain.  Among  the  theoretical  approaches  to  the  problem  of  determining 
the  lifetime  of  the  coupled  mode  excitations  are  those  based  on  the  application  of 
diagrammatic  temperature-dependent  perturbation  theory  /2,4,5 /•  Ibe  work  embodied 
in  /2/  and  /\/  was  primarily  concerned  with  finding  the  lifetime  of  the  ooupled  mode 
spectrum  in  the  phonon  regime  sufficiently  removed  from  the  spin  resonance  frequency 
for  a  low-order  perturbation  theory  to  be  applicable.  The  work  of  Care  and  Tucker 
/5/  was  an  attempt  to  extend  the  theory  to  frequencies  close  to  the  exciton  fre¬ 
quency  of  the  two-level  defects  by  incorporating  higher  order  terms  in  the  self 
energy  of  the  phonon  Green  function.  An  expression  was  obtained  for  the  lifetime  of 
the  excitations  in  that  regime,  but  recent  work  by  Hums  and  Loudon  /6/  points  out 
an  unsatisfactory  feature  at  the  result  as  far  as  the  wave-vector  dependence  of  the 
relaxation  ratee  is  concerned.  While  the  result  of  Nemos  and  Loudon  for  the  lifetime 
of  the  excitations  over  the  whole  frequency  range  is  intuitively  more  attractive  it 
has  nevertheless  not  been  deduced  rigorously  in  a  proper  coupled  mode  theory  but  is 
rather  an  extrapolation  of  results  obtained  in  two  limiting  regimes.  Although  an 
improved  theory  is  still  awaited,  the  work  of  Nemos  and  Loudon  has  at  least  oaused 
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us  to  re-examine  our  earlier  work  in  an  attempt  to  resolve  some  of  the  conflicting 
theoretical  predictions, 

2.  The  Polarisation  Matrix,-  In  /5/  the  poles  of  the  phonon  Green  function  were 
expressed  in  terms  of  the  polarisation  matrix  associated  with  the  generalised  spin 
susceptibility.  Only  the  zeroth  and  second-order  contributions  to  the  polarisation 
matrix  N  were  derived  completely,  which  is  all  that  is  needed  in  the  low-order  theory 
applicable  to  the  phonon  regime  well  away  from  the  spin  resonance  frequency.  In  the 
spin  exciton  frequency  range  higher  order  terms  in  the  polarisation  matrix  have  to 
be  included.  In  the  work  of  /5/  the  important  contributions  (referred  to  below  as 
resonance  terms)  were  isolated  from  the  higher  order  terms  in  the  polarisation 
matrix  and  a  summation  of  these  was  achieved  in  the  low  temperature  limit  for  the 
fully  concentrated  lattice.  More  recently,  the  complete  expression  for  the  fourth- 
order  contribution  to  M  has  been  reported  /"}/.  However,  when  singling  out  the 
resonance-like  terms  in  /5/  it  was  thought  that  the  only  diagrams  that  could  contri¬ 
bute  were  those  having  a  simple  chain-like  structure.  However  we  now  realise  after 
a  more  careful  examination  of  the  complete  expression  for  M^  that  this  is  not  the 
case,  a  point  also  not  appreciated  in  /if,  In  the  present  work  we  have  therefore 
evaluated  the  resonance  contribution  to  the  polarisation  matrix  arising  from  the 
diagrams  of  M^  not  having  a  chain-like  character.  By  the  resonance  terms  of  we 
mean  those  containing  a  denominator  (co^-bl)^. 

3«  The  Resonance  contribution  to  M^.—  The  resonance  contributions  that  were  missed 
from  M^(X)  arise  in  fact  from  the  terms 

*2Y4k(»(0)  £  [  P?(p,q,-X)+P8(p,qf-X)4?9(p,q,-X) 

P,q  +«(x)  {F5(p,q,-V)+B6(p,q,-X)  J)  (l) 


in  the  notation  of  equation  (12)  of  I’ll ,  On  performing  the  analytic  continuation 

iX  co-fid  the  evaluation  of  the  wave-vector  summations  over  p  and  q  leads  to  both 

real  and  imaginary  parts.  The  wave— vector  summations  are  evaluated  in  the  Debye 

limit  and  only  the  leading  terms  in  an  inverse  expansion  with  respect  to  the  Debye 

frequency  are  retained.  From  equation  (l)  we  find  that  the  real  part  of  K*1  has  a 

4 

contribution 


Y4(KA)ab^0^co8ech2®«(>/2)  /(H/7)2°°eechfc»0) 


*<«-*' 


2p(«0-WJ 


arising  from  the  non  chain-like  diagram*,  and  an  imaginary  part 
K(»)b^0^coee oh2 (00^/2)  •  K(«i)eoMOh0*o) 


(3) 


C6-480 


JOURNAL  DE  PHYSIQUE 


k(.4  =  ( 3/2 )i*(NA)2r4(«/“m)3/[ P 

As  found  in  /7/,  the  chain-like  diagrams  A(3),  B(l),  C(3)  and  D(2)  give  a  resonance 
contribution  through  the  terms 

802r4g(X)3g(-X)  £  2PtHj[h(0)P1(p)P1(q)-2b(l)Ao(q,x)P1(p) 

™  +t(2)Ao(P,X)Ao(q,X)+b(0>h(1V(ptX)2  ]  (4) 


of  if^X).  Prom  equation  (4)  the  real  and  imaginary  parte  of  of  interest  are 
r4M2-  [h^0^ooth^(pu>o/2)-4b^  ^coth(P«o/2)+4b^2^+4b^0^'b^1^  ] 


2p(»o_w) 


4  2 

,Jf  W  ^  [  (l/2)tanh^Oto a/2)-cosechOoi))] 


2pC«o-«) 


and 

K(»)  [-eb^^coth^yaJ+db^^^V1^  ) 

-  K(u)  [  ^30sech(P«^)-(3/8)tanh(S«o/2)8ech2(iP(i)o/2)  ]  (6) 


respectively.  It  is  noticed  that  the  contributions,  equations  (2)  and  (3)  from  the 
non  chain-like  diagrams  exactly  canoe  1  the  terms  involving  cosechfli®o)  in  both 
equations  (5)  and  (6).  This  has  the  satisfying  result  that  the  total  resonance  term 


from  9T1  remains  finite  in  the  infinite  temperature  limit.  In  the  dilute  situation 
r  4  /  \  /  \ 

when  the  V  'are  replaced  by  b  '  '  the  same  cancellation  ocours.  That  is,  contri¬ 
butions  from  the  non  chain-like  diagrams  exactly  cancel  the  cosech(Pu>o)  terms  in 
both  equations  (18)  and  (19)  of  ///. 
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GROUND-STATE  ENERGY  OF  FROHLICH  ELECTRON-PHONON  SYSTEM 
Chih-Yuan  Lu 

Institute  of  Electronics,  national  Chiao  Tung  University,  Hsin-Chu,  Taiwan  300, 
Republic  of  Ckina. 


Abstract  —  Recently  Feynman's  path- Integral  formalism  of  the 
Frdhlich  optical  polaron  problem  is  generalized,  by  which  it  is 
easy  and  natural  to  get  the  second-order  perturbation  result  in 
the  weak-coupling  case  and  the  Pekar's  result  in  the  strong¬ 
coupling  case,  even  in  the  crudest  ground-state  approximation. 

By  using  numerical  method  to  the  equations  which  are  given  by 
the  ground-state  approximation,  the  ground- state  energy  of  the 
electron-optical  phonon  system  can  obtained  for  the  overall 
range  of  coupling  strength.  In  addition,  a  self-consistent  set 
of  equations  is  derived  for  a  central  optimized  potential  with¬ 
out  using  the  ground-state  approximation.  This  effective  local, 
central  potential  is  the  solution  of  a  linear  integral  equation 
which  was  similar  to  the  extensive  work  of  optimi zed-potential 
model  (OPM)  in  atomic  physics.  By  using  OPM  formalism,  no  par¬ 
ticular  choice  of  interaction  form  is  taken,  therefore,  except 
the  approximation  by  Jensen's  inequality,  the  ground-state 
energy  of  the  electron-optical  phonon  interacting  system  can  be 
obtained  without  any  approximation. 


The  Hamiltonian  of  the  idealized  Frohlich  optical  polaron  problem 
is  given  by 


where  we  use  the  units  h«m-w*l.  p,  x  are  the  momentum  and  coordinate 
operators  of  electron,  p. ,  q.  are  those  of  phonons  of  mode  j,  and  the 

J  J  L  ^  4  ^  ^ 

interaction  terms  Wj(x)q^  are  (8/2  ira/V)  Ucos (k^ -xj/k^+sin (k^ *x)  Aj ]gj 
a  is  the  dimensionless  coupling  strength.  The  generalised  model  comas 
from  an  intuitive  belief  that  in  some  sense  the  reaction  of  the 
lattice  system  to  the  motion  of  an  electron  slight  be  represented 
approximately  by  a  fictitious  particle  coupled  to  the  electron.  Me 
assume  the  variational  Hamiltonian  as 


Hv  “  2  +  TH  +  v(*  "  ^ 


(2) 


Feynman  has  used  a  specific  form  of  interaction-harmonic  interaction 
between  the  electron  and  the  fictitious  particle.  Me  formulate  the 
upper  bound  of  the  polaron  energy  for  the  general  form  of  variational 
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potential  v(x-S) ,  then  the  result  is  given  by^ 
Eo  *  Ev  "  <“0Ip2/2u luo> 


where 


-2-  I  ftdrd?* 
/7\i  i*0"'-' 


u* (r ' ) u0(r) uj (r)ui (r • )  l-exp[-2C(l+Aei> ’ |r-r* |] 


r  -  r' 


Aci  +  1 


C  -  M/[2  (M+l)  D*5 


(4)  and  Ae^  =  -  eQ 


(3) 

(5) 


U  is  the  reduced  mass,  u«M/(M+l),  and  u^(r)  and  are  the  eigenstates 
and  eigenvalues  of  the  SchrSdinger  equation  of  the  system 


(-  V2  +  vfrjju^r)  -  ei  u^r) 


(6) 


Fran  Eq. (3)  it  is  obvious  that  if  we  take  only  the  ground  state 
term  (i»0  only)  in  the  energy  expression,  because  every  term  is  posi¬ 
tive  in  the  summation  and  of  decreasing  importance  by  the  energy 
difference  denominator  of  increasing  magnitude  of  i,  then  the  right 
hand  side  of  Eq. (3)  is  still  an  upper  bound  of  the  polar on  energy. 

Even  within  this  ground-state  approximation ,  the  second-order  pertur¬ 
bation  result  in  the  weak-coupling  case  and  Pekar's  result  in  the 
strong-coupling  case  is  obtained  very  naturally. ^  By  using  numeri¬ 
cal  direct  integration  or  Ritz  variational  method  the  ground  state 
energy  can  be  obtained  for  the  overall  range  of  coupling  strength,  and 

the  phase-transition-like  behavior  such  as  abrupt  changes  of  slope  of 

[21 

the  ground  state  energy  at  some  coupling  strength  a  is  found 

[3]  c 

similar  to  that  of  Shoji  and  Tokuda. 


In  order  to  calculate  the  Bq.{3)  without  using  ground-state 
approximation,  a  self-consistent  set  of  equations  is  derived  for  a 
central  optimized  potential,  this  effective  local,  central  potential 
is  the  solution  of  a  linear  integral  equation  which  is  similar  to  the 
extensive  work  of  optimized- potential  model  in  atomic  physics. 

The  v(r)  above  is  to  be  varied  to  minimized  the  functional  Ev,  there¬ 
fore  a  system  of  self-consistent  equations  is  derived  for  this  pro¬ 
blem,  in  which  v(r)  is  the  solution  of  an  integral  equation.  It  can 
be  seen  that  in  our  case  the  exchange  terms  in  atomic  physics  will 
not  appear.  The  variational  problem  to  be  solved  is 


0 


6E_ 


«V<r) 


E  (dr  — * 
iJ  fiu^r') 


Su^r*) 

«v(r) 


(7) 


The  variational  derivatives 
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6E  *2 

v  _  P 


fiu^r) 


,  u?(r)u  (?)  l-«xp[-2c  (1+4e  . )  **  I  c-? '  I ) 

where  W(r')-  -  -2-  Idr  -tr - 2__< - .  ■  —i - 

i,o  /Ip  J  |r  -  r«|  &CL  +  1 


)  (9) 


fiv(r) 


-Gi ( r ' ,  r)ui (r) 


u$(r')u.(r) 


where  G. (r‘,  r)  *  I  -4- — ^  (11) 

l  jj41  Uj  Ei) 

The  results  (8)  and  (10)  can  now  be  substituted  into  (7) ,  and  If  the 
Eq. (6)  is  used,  it  is  found  that 

(dr '  v(r* )H(r* ,  r)  -  Q(r)  (12) 

where  H(?',  r)  -  u*(r')GQ(r' ,  r)uQ(r),  (13) 

Q(r)  -  Z  Jdr'  W*o(z,)u»(r,)Gllr,t  r)ui( r) 

+  Z  (dr*  W*0(r')u*(r')G0(r',  r)uc(r)  (14) 

n  J  * 


Therefore  the  variational  problem  has  now  been  reduced  to  the  problem 
of  obtaining  self-consistent  solution  of  Eqs. (6)  and  (12). 

In  our  problem  there  is  another  parameter  y  which  Bhould  be 
determined  by  another  variational  equation.  But  it  is  suggested  that 
we  may  choose  some  appropriate  value  which  might  come  from  ground 
state  approximation  or  Feynman's  harmonic  model  to  the  Eqs. (6)  and 
(12) ,  and  then  substitute  the  solutions  of  the  self-consistent  equa¬ 
tions  (6)  and  (12)  into  the  SBy/Sy^O  to  check  our  choice,  or  we  may 
plot  the  Ey  versus  y  to  determine  it. 
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OPTICAL-MODE  DEFORMATION  POTENTIAL 

R.C.  Alig,  S.  Bloom  and  M.  Inoue* 

RCA  Laboratories,  Princeton,  V.S.A. 
*RCA  Laboratories,  Tokyo,  Japan. 


Abstract . -  Proa  measurements  in  the  literature  of  the  average  energies,  e, 
required  to  create  electron-hole  pairs  with  ionizing  radiation  in  several 
semiconductors,  a  value  of  the  optical-mode  deformation-potential  constant, 
KD  ,  has  been  obtained,  A  recent  analysis  has  been  extended  to  Include 
scattering  by  the  polar-mode  electron-phonon  interaction  as  well  as  by 
the  optical-mode  deformation  potential.  Expressions  for  these  scattering 
rates  were  developed  in  the  free-partlcle  approximation.  The  only  unknown 
in  the  ratio  of  these  rates  is  KD£.  These  values  are  KD£  •  1.8  x  1C r  x 
v'peV/cm,  where  p  is  the  semiconductor  density  in  gm/cm^. 


When  a  high-energy  particle  enters  a  semiconductor,  it  loses  energy  by  creat¬ 
ing  electron-hole  pairs  and  phonons.  For  a  particle  of  energy  Eg,  the  average 
number  n  of  pairs  can  be  measured  to  determine  the  average  pair-creation  energy 
e-Eg/n.  The  value  of  n  can  also  be  calculated,  as  described  in  Ref.  1.  The  rate 
at  which  a  particle  creates  optical  phonons,  relative  to  the  rate  at  which  it 
creates  electron-hole  pairs,  will  have  a  marked  effect  on  the  value  for  c.  In 
Ref.  1,  this  relative  phonon  scattering  rate  is  determined  empirically  from  the 
measured  and  calculated  values  for  E.  In  this  paper  the  optical-phonon  scattering 
rate  due  to  the  deformation-potential  interaction  is  isolated  from  the  rate  due 
to  the  polar-mode  electrostatic  interaction,  and  these  rates  are  determined  empiri¬ 
cally  from  the  measured  and  calculated  values  for  E  in  the  elemental  and  binary 
semiconductors.  In  this  way  the  value  of  the  optical-mode  deformation-potential 
constant,  KD£,  is  ascertained. 

In  Ref.  1  only  the  energy  dependence  of  the  deformation-potential  electron- 
phonon  interaction  was  considered.  Here  the  explicit  forms  of  both  the  deforma¬ 
tion-potential  and  polar-mode  electrostatic  electron-phonon  interactions  are 

2 

Introduced.  The  scattering  rates  due  to  these  interactions  are 
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* 

where  E  is  the  particle  kinetic  energy,  is  the  optical-mode  phonon  energy,  c 
is  the  effective  dielectric  constant,  p  is  the  semiconductor  density,  and  e  and  m 
are  tba  free  electron  charge  and  mass. 

The  scattering  rate  for  ionization,  i.e.,  the  creation  of  electron-hole  pairs, 

is1 

r  CE)  -  |C|2  <Kg>,/2]  <3) 

where  C  is  proportional  to  the  matrix  element  of  the  Coulomb  interaction,  E  >_  E^, 

and  E  is  the  semiconductor  baadgap. 

8  3 

As  in  Ref.  1,  the  ratio  of  Eqs.  (1)  and  (3)  was  set  to  a  constant  , 

A*  -  (KDt/*|c|>2  m3/2//2  up  ,  (4) 

times  the  ratio  of  the  factors  in  the  square  brackets.  In  Ref.  1,.  A*  was 
assumed  independent  of  the  particle  energy  and  invariant  for  electrons  and 
holes  and  for  different  materials.  From  measurements  of  e  in  Si,  this  constant 

4 

was  determined  empirically  In  Ref.  1  to  be  A*  -  0.33eV  . 

Here,  the  ratio  of  Eqs.  (2)  and  (3)  is  set,  in  the  same  way,  to  another 
constant. 


B’  -  ^ 72  <e/h|c|)2,  (5) 

times  the  ratio  of  the  factors  in  the  square  brackets.  As  with  A',  B*  is 
assumed  Independent  of  the  particle  energy  and  invariant  for  electrons  and 
holes  and  for  different  materials.  From  measurements  of  e  in  GdS,  and  using 
A*  to  account  for  the  deformation-potential  scattering,  B*  was  determined 
empirically  to  be  B*  -  5300CV3.  The  values  of  e  calculated  with  A'  and  B' 
were  in  good  accord  with  the  measured  values  In  13  other  semiconductors.  The 
addition  of  the  polar-mode  electrostatic  Interaction  had  only  a  small  effect 
on  most  of  the  calculated  values  of  e  given  in  Ref.  1. 

Using  B'  «  5300eV3  in  Eq.  (5),  the  value*  of  | c( 2  is  1.05  x  1032  eV  2^2sec 
Using  this  value  of  |c|2  and  A'  ■  0.33eV*  In  Eq.  (4)  gives 

W>t  -  1.8  /p  x  10®  eV/cm  (6) 

3 

where  p  is  the  numerical  value  of  the  semiconductor  density  in  gm/cm  .  Since 
there  is  no  ionisation  scattering  for  E  <  E^,  and  since  r(K)  dominates  both 
ri_  (E)  and  r '  (E)  for  E  >  51  ,  this  value  of  KD  is  valid  for  kinetic  energies 

W  "C  —  |  C 

between  one  and  five  bendgaps  above  the  band  min Ira.  Since  no  distinction  had 
been  made  between  electrons  and  holes,  it  is  an  average  of  the  values  for 
electrons  and  hoi as. 
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Measurements  of  KD  have  been  reported  for  germanium  and  silicon.  A  large 

c  5  a 

number  of  values  have  been  given  for  Ge  ,  ranging  from  4  to  12  x  10  eV/cm. 

There  are  fewer  measurements  for  Si  because  the  zero-order  value  of  KD  for  the 

6  7  t  g 

conduction  band  is  zero  by  symmetry  .  The  value  In  first  order  la  9  x  10  eV/cm. 
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ABSOLUTE  CROSS  SECTIONS  FOR  ONE-PHONON  RAMAN  SCATTERING  FROM  SEVERAL 
INSULATORS  AND  SEMICONDUCTORS 


J.M.  Calleja,  H.  Vogt  and  M.  Cardona 

Hax-Planak-Inetitut  fUr  Featktfrperforeahung,  Beinsenbergetr.  1,  7000  Stuttgart 
80,  F.R.G. 


Abstract . -  Using  the  Brillouin-Raman  method  we  have  measured  the 
Raman  scattering  efficiencies  for  the  Pphonons  of  GaP,ZnTe,ZnSe, 
ZnS  as  well  as  CaF_,SrP2,BaF2.  The  results  for  the  zincblende- 
type  materials  allow  us  to  calibrate  in  absolute  scattering  effi¬ 
ciency  units  the  resonance  Raman  curves  found  in  the  literature. 
From  the  calibrated  resonances  the  deformation  potential  d  is 
deduced  on  the  basis  of  a  parabolic  band  model.  For  the  fluorides 
the  scattering  efficiency  is  attributed  to  the  edge  exciton.  The 
deformation  potential  of  the  P-5  valence  band  following  from  this 
interpretation  is  compared  with  pseudopotential  and  LCAO  calcu¬ 
lations  . 


1 . Introduction . -  Raman  resonances  of  semiconductors  in  the  neighbour¬ 
hood  of  interband  critical  points  have  usually  been  studied  by  measur¬ 
ing  the  Raman  scattering  efficiency  S_  in  relative,  arbitrary  units  as 

1  * 

function  of  photon  energy.  A  full  understanding  of  the  Raman  process, 
however,  requires  the  knowledge  of  absolute  values  of  SR.  Such  values 
yield  information  on  electron-phonon  coupling  constants  or  deformation 
potentials. 1 ,2 

Here  we  investigate  with  the  Brillouin-Raman  technique  the  Raman 
scattering  efficiency  of  four  typical  zincblende-type  materials  (GaP, 
ZnTe, ZnSe, ZnS)  and  three  fluorides  (CaF2,SrF2,BaF2) .  The  latter  have 
non-dispersive  Raman  polarizabilities  and  are  often  used  as  standards 
for  Raman  measurements. 

2.  Experimental  Method.-  Ve  determined  SR  by  measuring  the  Raman-Bril- 
louin  scattering  efficiency  ratio  SR/SR  and  calculating  SR  from  data 
measured  independently  by  other  experimental  techniques.3  Using  a 
five-pass  piezoelectrically  scanned  Fabry-Perot  interferometer  we  re¬ 
corded  Raman  and  Brillouln  lines  under  exactly  identical  scattering 
conditions.  SR/SR  was  obtained  from  the  relative  Intensities  inte¬ 
grated  over  the  full  linewidth. 

3.  Results.-  Raman  polarizabilities  a  ,  scattering  efficiencies  SR,  and 
differential  cross  sections  df/d-fl.  at  1.92  eV  are  listed  in  Table  1  . 

a  is  defined  by  « 
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1  1 

N  du3  ( 1 


where  the  indices  refer  to  the  cubic  axes ,%  is  the  dielectric  suscep¬ 
tibility,  and  u  the  relative  displacement  of  the  two  sublattices  in¬ 
volved  in  the  Raman  vibration. 


Table  1 .  Raman  polarizabilities  d  ,  scattering  efficiencies  S  ,  and 
differential  cross  sections  dr  /dii  at  1.92  eV  (6471  A). 


material 

ja/  (A2) 

SR( 10~8sr-1cm-1 ) 

dr  /d Jl  (10~30cm2sr-1 
per  primitive  cell) 

GaP  ,L0 

25 

330 

530 

GaP  , TO 

23 

300 

490 

ZnTe,LO 

24 

240 

540 

ZnSe.LO 

7.0 

26 

47 

ZnS  , LO 

2.5 

3.8 

6.0 

CaF- 

0 .47±0 .09 

0.34 

0.14 

SrFf 

0.61*0.05 

0.56 

0.27 

BaFj 

0.84*0.08 

1.1 

0.69 

Within  the  indicated  limits  of  accuracy  the  Raman  polarizabilities  of 
the  fluorides  turn  out  to  be  constant  in  the  visible  spectrum.  There¬ 
fore  we  quote  the  average  of  the  values  obtained  for  5  different  laser 
lines. 

The  data  for  the  zincblende-type  materials  were  used  to  cali- 

4  5 

brate  the  resonance  curves  found  in  the  literature.  '  Examples  are 

given  in  Figs.  1  and  2.  The  solid  curves  in  these  figures  are  theore- 

2 

tical  fits.  The  underlying  formulas  mainly  take  into  account  the  con¬ 
tribution  of  the  direct  gap  EQ,  Eq+  to  the  Raman  polarizability  and 
allow  to  deduce  values  of  the  deformation  potential  dQ  from  the  cali¬ 
brated  resonances.  In  Table  2  we  compare  these  values  with  LCAO  and 
pseudopotential  calculations. 


Figs.  1  and  2  :  Reduced  Raman 
efficiencies  of  GaP  and  ZnSe 
as  function  of  photon  energy. 
Empty  symbols  represent  rela¬ 
tive  values  originally  measured 
in  arbitrary  units.  Full  sym¬ 
bols  represent  absolute  values 
obtained  in  this  work. 
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In  the  case  of  the  fluorides 
we  attribute  the  whole  of  a 
to  the  strong  edge  exciton 
dominating  the  optical  ab¬ 


sorption  spectrum. 

a  = 


a0  Neff  do 


We  have: 
(2) 


Eo 

is  the  lattice  con- 
the  "effective 
and  E_ 


where  a 

V 

stant, 

electron  density  ,  _ 

the  exciton  energy.  Like  in 

the  case  of  zincblende  the  deformation  potential  d_  is  introduced  as 
dE 

a„  —  (3) 


do  =  - 


du. 


Values  of  dQ  following  from  Eg.  (2) ,  the  optical  absorption  spectrum, 
and  our  experimental  data  are  also  listed  in  Table  2  and  compared  with 
the  results  of  LCAO  and  pseudopotential  calculations. 


Table  2.  Deformation  potential  dQ  (in  eV)  obtained  by  various  methods. 


material 

Raman 

LCAO 

pseudopotential 

GaP 

27 

39.4* 

26.5*?26.3* 

ZnTe 

37 

24.4* 

28* 

ZnSe 

12 

28.1* 

21 ,6*;27* 

ZnS 

4 

30.4* 

30. 5*, -25* 

CaF. 

49 

38.8 

45.1 

SrF, 

50 

37.8 

37.8 

BaFj 

66 

34.2 

30.0 

*  values  obtained  by  other  authors  (see  Ref.  6) 
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EFFECT  OF  PHONONS  ON  THE  SPIN  SUSCEPTIBILITY 

D.  Fay  and  J.  Appel* 

Abteilung  fttr  Theovetieahe  FestkSrperphyeik,  Universit&t  Hamburg,  Hamburg, 
F.H.G. 

*1.  Institut  fUr  Theoretische  Physik,  Universit&t  Hamburg,  Hamburg,  F.H.G. 

Abstract . -  That  phonons  do  not  affect  the  Pauli  spin  susceptibility  seems  to 
be  a  standard,  well-accepted  result.  Since  the  recent  suggestion  by  Enz  and 
Matthias  that  phonons  might  play  a  decisive  role  in  the  ferromagnetism  of 
ZrZn2»  this  question  has  been  "reopened".  We  review  both  the  old  and  new 
work  on  this  problem  and  try  to  clarify  the  present  situation. 

The  suggestion  by  Enz  and  Matthias^  that  phonons  might  play  an  important  role 
in  the  paramagnetic  to  ferromagnetic  transition  in  ZrZnz  has  led  to  renewed  interest 
in  the  question  of  to  what  extent  phonons  affect  the  spin  susceptibility.  This  is 

really  an  old  question  and  has  been  (briefly)  discussed  in  many  books  and  articles. 

2 

A  good  discussion  was  given  by  Herring  and  a  detailed  model  calculation  was  done 
by  Quinn3.  Quinn  considered  the  change  in  energy  AE  due  to  a  spin  polarization 
induced  by  an  external  magnetic  field  and  wrote  AE  =  AEd  +  AEint  where  AE^  is  the 
"displacement"  energy  caused  by  transferring  spin-down  electrons  from  below  the 
Fermi  surface  to  empty  spin-up  states  above  the  Fermi  surface  and  AE^t  is  the 
change  in  the  interaction  energy  arising  from  phonon  exchange.  Here  AE^  is  propor¬ 
tional  to  1/m*  ,  where  m* is  the  phonon-induced  mass  enhancement.  Quinn  showed  that 
these  two  contributions  to  AE  cancel  exactly  to  leading  order  in  X,  i.e.,  0(A), 
where  A  »  0(1)  is  the  usual  electron -phonon  mass  renormalization  parameter.  The 

correction  terms  were  not  estimated  and  would  presumably  enter  first  at  order 
1/2 

X  (“jj/Ep)  *  A(m/M)  0.01  where  to^  is  the  Debye  energy  and  m  and  M  are  the 

electron  and  ion  masses,  respectively.  This  is  in  contrast  to  the  0(A)  correction 
proposed  by  Bns  and  Matthias. 


Fay  and  Appel  considered  the  diagra 
ct  interaction  model  for  the 
susceptibility  can  be  written  as 


atlc  expansion  in  which,  using  the  RPA- 
contact  interaction  model  for  the  Coulomb  part  Ic  of  the  exchange  interaction,  the 


X(q) 


Wq)  /(1  '  Vphon(q)  ’ 


(1) 


where  q  S  <^,qQ)  and  the  first  few  terms  in  the  expansion  of  are  shown  in 

F19. 1 . 

In  order  to  estimate  the  relative  importance  of  the  phonons  we  would  now  like 
to  cast  Eq.(l)  into  the  simple  RPA  form  X  -  X0/(l  -  IXQ)  with  I  «  Ic  + 
where  Xq  is  the  susceptibility  of  the  non-interacting  electron  system.  Clearly,  one 
cannot  in  general  define  a  constant  effective  lel-ph-  However,  since  we  are 
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Xphon  ^ 
Fig.  1. 


primarily  interested  in  the  effect  of  phonons  on  the  ferromagnetic  transition,  it 

is  sufficient  to  consider  lim(q^O) lim(q  -♦O)X(q)  .  In  Ref. 4  it  was  argued  that 

2 

all  contributions  to  X  .  -  X  are  0(«>  /El  or  higher,  except  diagrams  la)  and 

phon  o  D  F 

(b)  of  Fig.l.  our  procedure  is  to  evaluate  these  two  diagrams  for  q-^0  and  identify 

I  ,  .  by  writing  X  .  =  X  +  I  ,  .X2  and  making  use  of  the  relation  X  (0)«N(E_) 

el-ph  phon  o  el-ph  o  ”  o  F 

For  I  ,  .  =  N(E  >1  ,  .  «  1,  X  now  has  the  desired  RPA  form.  In  Ref. 4  we  found 

el-ph  F  el-ph 


Iel-ph 


e<VVx- 


(2) 


Here  e  is  0(1)  but  unfortunately  diagram  (b)  has  not  yet  been  evaluated  accurately 

enough  to  determine  the  sign.  The  appearance  of  the  small  factor  (w^/E^,)  can  be 

considered  as  a  manifestation  of  Migdal's  theorem  as  discussed  in  Ref .4.  Our 

procedur  of  course  really  only  determines  the  effect  of  phonons  on  the  static, 

uniform  susceptibility,  i.e.,  on  the  Stoner  factor.  Indeed,  only  for  qj>0  does  it 

seem  reasonable  to  neglect  the  retarded  nature  of  the  phonon -induced  electron - 

electron  interaction  and  to  simulate  the  effect  by  a  constant  I  ,  .  .  A  consistent 

7  el-ph 

treatment  at  finite  q  would  be  much  more  difficult  and  has  not  yet  been  attempted . 

We  have  also  neglected  spin  fluctuation  effects  which  could  be  important  near  the 
ferromagnetic  transition.  These  corrections  could  be  included  in  our  calculation  of 
the  Stoner  factor  in  the  manner  of  Moriya5.  At  finite  qQ,  additional  phonon- 
spin  fluctuation  interaction  effects  might  occur. 

Enz^  has  suggested  that  under  certain  circumstances  (eg.,  anisotropic  Fermi 
surface,  1 -dimensional  soft  phonon)  it  may  be  possible  to  "beat"  Migdal's  theorem 
and  have  "v  X  .  It  is  of  course  true  that  Migdal 1  s  theorem  is  not  a  general 

law  that  applies  in  all  situations;  it  is  well-known,  for  example ,  that  it  does  not 
hold  in  the  limit  |^l/qo"^  O.  In  the  present  case  however,  we  have  been  able  to 
show  rather  generally,  using  Ward  identities,  that  the  theorem  is  valid  for  the 
limit  qo/|^|-fO,  l^l^O  which  is  appropriate  here. 

A  good  test  of  the  importance  of  phonons  is  given  by  the  isotope  effect  on  the 
Curie  temperature.  Appel  and  Fay  found 


a  -  (M/T) (dT/dM)  -  M(df/dM)/2l(i-l) 
c  c 

The  M-dependence  of  I  arises  solely  from  the  in  the  small  "Migdal  factor"  in 
Eq. (2) .  fc  is  not  a  function  of  M:  The  N(Ep)  factor  in  Ic  comes  from  Xo  and  thus 


(3) 
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has  no  phonon  renormalizati  n  to  order  X  and  the  Ofui^/Ep)  correction  is  already 
accounted  for  by  .  Thus,  assuming  X  is  independent  of  M,  in  the  absence  of  the 

Migdal  factor  there  is  no  isotope  effect  at  all.  Another  formula  for  a  has  been 

Q 

given  by  Enz  .  Unfortunately,  the  experiments  that  could  distinguish  among  the 

7  9 

theoretical  possibilities  are  quite  difficult,  at  least  in  ZrZn^.  ' 


Recently  Kim 


10 


has  calculated  I  ,  .  by  a  different  method  and  finds 

el-ph 


el-ph 


S  lioD/EF)  where  S 


1/(1 -I)  is  the  Stoner  factor  and  can  compensate  the 


small  Migdal  factor.  We  believe  that  Kim  has  calculated  only  part  of  *el_pj,and  that, 

in  the  part  he  has  calculated,  the  full  Stoner  factor  should  not  appear.  Kim 

calculates  ^  by  separating  the  free  energy  into  an  electron  part  F^  and  a 

phonon  part  F^h  =  (l/2)^th<u^  (at  T=0) .  Kim's  *el_ph  arises  from  the  change  of  the 

screened  phonon  frequency  ui  due  to  a  spin  polarization.  The  separation  into  F 

4  2  ei 

and  F  ,  is  however  an  adiabatic  approximation  and  does  not  include  the  non- 
ph 

adiabatic  contributions  which  enter  at  order  (ui^/E^)  .  At  this  order  one  should  also 

include  a  term  F  .  ,  which  arises  from  the  electron-phonon  part  of  the  Hamiltonian 

el-ph 

in  second  order  perturbation  theory.  We  doubt  that  the  full  Stoner  factor  occurs  in 
the  contribution  Kim  has  calculated  since  the  diagrams  which  provide  the  screening 
in  ojq  are  bubble  diagrams  containing  particle-hole  pairs  in  a  singlet  spin  state 
while  the  Stoner  factor  arises  from  the  particle-hole  triplet  spin  channel.  We 

4 

conclude  that  our  diagrammatic  approach  seems  preferable  in  that  one  cm  identify 
more  clearly  all  contributions. 
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ON  THE  ORIGIN  OF  THE  RED  SHIFT  OF  THE  RAMAN  EXCITATION  PROFILE  FROM 
THE  ABSORPTION  SPECTRUM 
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Istituto  di  Fisiaa  dell  'University,  via  Celoria  16,  Milano,  Italy. 
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Abstract.-  A  red  shift  of  the  position  of  the  Resonant  Raman  Scattering  exci¬ 
tation  profile  with  respect  to  the  position  of  the  maximum  of  the  electronic 
absorption  band  has  been  observed  In  a  number  of  compounds.  The  variation  of 
the  inverse  vibronlc  lifetime  Yp  in  the  excited  state  with  the  quantum  number 
n  is  believed  to  be  the  most  relevant  contribution  to  the  shift  of  the  Raman 
excitation  profile.  Calculations  based  on  this  model  for  a  molecule  in  a  crys¬ 
talline  matrix  are  reported. 


A  detailed  knowledge  of  the  properties  of  the  excited  states  of  a  molecule  in  a 

crystal  can  be  obtained  from  the  analysis  of  the  electronic  absorption  spectrum  and 

Raman  excitation  profile  (REP).  As  a  matter  of  fact,  the  electronic  absorption  band 

shape  and  the  resonant  Raman  cross  section  are  determined  by  the  electron  vibrational 

coupling  and  by  the  vibrational  relaxation  processes  in  the  excited  electronic  state. 

While  generally  the  REP  closely  mimicks  the  experimental  absorption  spectrum,  in 
12  3 

some  compounds  ’  ’  the  maximum  of  the  REP  Is  considerably  redshlfted  with  respect 
to  the  maximum  of  the  absorption  coefficient.  This  effect  cannot  be  explained  within 
the  existing  theoretical  approaches  which  are  based  on  linear  electron  vibrational  in 
teractions,  harmonic  potential  function  and  a  constant  vibrational  decay  width  Y  of 
the  vibrational  states.  In  fact  the  conmonly  accepted  approximation  Y*const, cannot  be 
considered  any  longer  valid  for  a  molecule  In  a  solid  matrix,  for  which  the  impinging 
laser  beam  creates  many  vibrational  quanta  In  the  excited  electronic  state,  which  ra¬ 
pidly  decay  through  anharmonlc  Interactions  with  the  surrounding.  The  dependence  of 
the  vibronlc  lifetime  on  the  vibrational  quantum  number  has  been  quoted2*3  as  a  pos¬ 
sible  explanation  for  this  phenomenon.  However  no  quantitative  theoretical  calcula¬ 
tions  have  been  reported  so  far.  A  simple  theoretical  model  based  on  this  hypothesis 
Is  worked  out  In  this  report  and  calculations  for  a  two  singlet  level  diatomic  mole¬ 
cule  In  a  crystal  are  presented.  The  model  Hamiltonian  for  a  diatomic  molecule  irith 
one  vibrational  normal  mode  Interacting  with  the  lattice  phonons  of  the  host  crystal 
Is: 


H  *  He  +  Hph  +  He-ph  *  H1nf  »  '  1  W 

where  H^sE«aoae  ♦  E^a^a^i  )a^8j»  Hpj|*w(h  y)>  E»«  ••**•#  a^a^,  ^ 

represent  the  energies  and  the  electron  operators  for  the  ground  (0)  and  the  excited 
electronic  state  (1);  V  Is  the  linear  electron  phonon  coupling  In  the  excited  elec¬ 
tronic  state; b,  b+  are  the  vibrational  operators;  w  Is  the  frequency  of  the  vibration 
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al  normal  mode;  Hint  represents  all  the  anharmonlc  Interactions  between  the  molecule 
normal  mode  with  the  phonons  of  the  host  crystal  and  determines  the  relaxation  proper¬ 
ties  of  the  vibrational  states.  We  assume  for  simplicity  that  H<nt  is  the  same  in  the 
ground  and  in  the  excited  state.  We  note  that  the  introduction  of  Hjnt  Influences  the 
time  evolution  of  the  vibrational  operators  b  and  b+  both  In  the  absorption  and  in 
the  Raman  scattering  processes,  thus  introducing  a  variable  decay  width  rn  in  both 
the  expressions.  Within  the  approximation  we  just  sketched  the  electronic  absorption 
coefficient  can  be  written  as 

=  flipy  (2) 


where  a  is  the  light  beam  frequency,  N(fl)  is  the  refractive  index  and  I(n),  the  op¬ 
tical  response  function,  is 

m  -  e-s(,)  f  <£>*  A!  S  (Jjt.cwfJw.))4 

n=0  “  m  ‘  j=0  J 


*  (rn.'+YjP+(n-flo-nu+2 2 J  — 

V2 

In  Eq. (3)  S(T)=^  (2n(w)+l)  is  the  Huang  Rhys  factor,  n(u)  is  the  occupation  nunber 

for  the  vibrations,  a.  Is  the  zero  phonon  frequency,  and  y  Is  the  vibrational  decay 
th  " 

width  of  the  n  vibrational  state.  We  note  that  y  depends  on  n  as  a  result  of  the 

anharmonlc  interactions  of  H1nt  In  the  evolution  of  b  andb+.  In  Eq. (3)  we  have  taken 

into  account  that  the  nth  term  is  determined  by  a  process  In  which  (n-j)  vibrational 

quanta  are  created  In  the  excited  state  and  j  vibrational  quanta  are  destroyed  in 

the  ground  electronic  state. 

By  considering  the  approach  of  the  secondary  emission  developped  In  Ref. (4),  the 
resonant  Raman  cross  section  for  the  k-th  Stokes  processes,  can  be  written  as 

*di(m)+l )k&  $1  l.  _(-)j<i) R(n  -  M  \ 2  (4) 


^<v(nM+1)k(g)k$|  I  (-)J(J)R(b  -  j«)|2 

J  '* 

R(0  -  e'S(T)  I  (^)n  Jj-  y  <;)(n(«a>+l)n_J(n(«))J 
n»0  “  j»0  J 


Yn-j  +Yj+^(5'°«-n“+2J“) 
(Yn.j+Y  j  r+(  e-ilo-nw+Z  jw) 2 


for  simplicity  In  Eq.{4)  we  have  neglected  the  contribution  to  the  Raman  cross  sect¬ 
ion  coming  from  the  terms  In  which  V2  and  the  occupation  number  (In  front  to  the 
square  modulus)  appear  with  a  power  higher  than  k  . 

In  Flg.l  we  show  the  results  of  the  calculations  for  the  absorption  and  the  ISP 
for  the  first  and  second  order  processes  by  considering  qo-1760Q  cm’1;  Y»700  cm"1; 
w*215  cm"1,  Yn(«»"b*5  +  n2  +  0.35n3  at  300°K. 

The  following  counts  can  be  made:  1)  a  significant  red  shift  between  absorption 
and  the  first  and  second  order  REP  Is  observed  (VI 70  nm);  11)  the  Intensity  of  the 
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first  overtone  is  much  lower  than  the  fundamental  one.  Calculation  performed  using  a 
different  functional  dependence  of  y  on  n  show  that  a  steeper  variation  of  y  with  n 
yields  lower  overtone  Intensity,  larger  red  shift  and  larger  half  width  of  the  absorpt¬ 
ion  band.  Indeed  this  effect  has  been  experimentally  observed  In  Ref.(l)  where  REP's 
and  visible  absorption  spectra  of  I2  In  different  solutions  are  reported. 

The  model  we  have  proposed  here  for  the  origin  of  the  red  shift  of  the  REP  should 
be  applied  to  the  case  of  Br2  in  solid  argon  and  to  the  molecular  center  In  Ref. 3. 
Unfortunately  In  both  cases  the  absorption  band  shape  Is  not  resolved  and  therefore 
the  lack  of  this  Important  experimental  Information  does  not  allow  us  to  perform  ex¬ 
act  calculations  for  these  cases.  Moreover  good  quality  absorption  spectra  for  both 
cases  would  make  It  possible  to  give  a  more  precise  Interpretation  of  the  dependence 
of  y  on  n  In  terms  of  realistic  anharmonlc  interactions  between  the  vibrational  mode 
and  the  crystal  phonons.  Ue  would  like  to  point  out  that  in  an  actual  case  of  I?  In 
argon  matrix,  the  Debye  frequency  of  75  cm  ^  of  the  host  crystal  Implies  anharmonlc 
Interaction  of  order  higher  than  the  third  one.  As  a  consequence  of  this  fact  a  non 
linear  dependence  of  y  on  n  should  be  expected. 


Fig. 1  -  Calculated  absorption  res¬ 
ponse  function  (Eq.3)  and  first 
and  second  order  REP  (Eqs.4-5), 
using  the  parameters  given  In  the 
text. 


i 
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Abstract A  fo realise  Is  developed  for  the  coupling  of 
excess  electrons  to  phonons  in  polar  crystals  whose  lattice 
dynaeics  are  describable  in  teres  of  a  shell  eodel.  Phonon 
dispersion  and  coupling  to  other  than  the  usual  q  =  0,L0 
phonons  are  included.  Nueerical  results  for  polarons  in 
III-V  and  1I-VI  coapounds  are  reported. 


The  interaction  of  an  electron  (or  hole)  with  phonons  in  a  polar 
seei conductor  is  usually  described  by  Frdhlich's  Haei Itonian1 .  This 
ansatz  is  very  fruitful  for  the  understanding  of  various  problems  of 
the  solid  state  and  leads,  for  example,  to  the  concept  of  the  large 
polaron.  As  an  essential  assumption,  the  Frfihlich  Hamiltonian  de¬ 
scribes  the  lattice  vibrations  by  a  continuum  model.  In  this  paper  we 
develop  a  theory  for  the  electron-phonon  interaction  with  the  full 

lattice  Hamiltonian,  where  the  phonons  are  treated  in  the  harmonic 

2  3 

approximation  and  are  described  in  terms  of  a  shell  model  '  . 

Me  start  from  the  Hamiltonian  for  the  electron-phonon  coupling 
given  by 

Hel-phon  =  Z  <VC?,I<l,b>>  -  V<r,*0(l,b>>)  ,  CD 
l,b 


where  ^(l,b)  denotes  the  position  of  the  b-th  ion  in  the  l-th  cell  and 
?Q<l,b)  its  equilibrium  position,  and  "r  is  the  position  of  the  elec¬ 
tron.  Me  assume  that  the  ions  have  the  charge  Z^e  and  the  electronic 
polarization  ?b(u(l,b)],  which  is  a  function  of  the  displacements 
u(l,b>  *  ?(l,b)  -  WjjCt,b).  The  potential  energy  is  then  given  by 


V(r,f> 


Z.e2  e(r-ff)-?.lu> 
TTh  I  r-1|  3 


(2) 


In  the  continuum  epproxlmet ion  ?b  can  be  written  in  terms  of  the 
macroscopic  constants  and  Cq.  This  leads  to  the  well-known  Frdhlich 
Hamiltonian.  A  fully  microscopic  generalization  of  Frfthlich's  treat¬ 
ment  is  difficult,  since  the  full  dielectric  tensor  must  be  used  in 


I 
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order  to  account  for  local  field  effects.  It  is  therefore  convenient 
to  describe  the  polarization  field  in  terms  of  the  shell  model.  We  get 

?b  =  Ybe(v(l,b)  -  u(  l,b) )  (3) 

where  Ybe  is  the  charge  of  the  shell  of  atom  b  and  ?(l,b)  the  dis¬ 
placement  of  the  shell. 

For  small  deviations  from  the  equilibrium,  we  can  expand  the 
potential  and  use  the  harmonic  approximation.  We  then  write  the  dis¬ 
placements  u(l,b)  in  terms  of  normal  coordinates 

(4) 

u(l,b)  =  I  J'  — — {e  (blqj)  +  h.c.}  . 

q,j  2N  Mbw.<q)  qj 

A  similar  formula  holds  for  the  shell  displacements  v(l,b)  with 
e  (blqj)  replacing  e  (blqj). 

After  an  expansion  into  a  Fourier  series  and  the  evaluation  of 
the  sum  over  the  lattice  cells  we  get  as  a  final  result  for  the 
generalization  of  the.  Frfihlich  operator 


H.  .  =  I  {V-».r»a-».  e’*q+^r  +  h.c.}, 

el-phon  lit  OJG  9) 


t  /  1>'  1  ei?.IQ(0,b)  x 

b  °0  2N  Hbw.(q)  lq+2|2 


(5) 


(6) 


x  (q+3) • {Xb?c (blqj )  +  Ybe#(b|qj)}  . 

Here  2  it  a  reciprocal  lattice  vector,  Xbe  and  Ybe  are  the  charges  of 
the  core  and  the  shell  of  ion  b,  respectively,  Hb  is  the  mass  of  ion  b, 
Qq  is  the  volume  of  the  unit  cell, and  N  is  the  number  of  unit  cells. 

If  the  lattice  dynamics  of  a  crystal  is  known  in  terns  of  the 
shell  model,  the  sums  in  (6)  can  be  evaluated.  Since  the  Hamiltonian 
contains  the  interaction  with  ail  phonons  it  also  includes  the  piezo¬ 
electric  coupling  in  crystals  without  inversion  symmetry. 

As  a  simple  application,  we  investigate  the  case  of  the  free 
polaron  in  semiconductors.  Here  the  Hamiltonian  is  given  by 

H  "  ♦  z,  *3i  *q  j  ♦  Hel-phon  •  <7> 

Q/i 

In  the  Intermediate-coupling  case  the  method  of  Lee,  Low  and  Pines* 
can  easily  be  extended  to  this  Hamiltonian.  For  the  energy  we  get 
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E  =  2m*(1+C/6)  "  **"LO  '  <8> 

Numerical  results  for  A  and  C  are  given  in  Figs.  1  and  2  for  some 
III-V  and  II-VI  compounds.  The  continuum  approximation  yields  a  for 
both  constants. 


* 


- 


Fias.  1  and  2;  The  self-energy  A  and  the  mass  correction  C 
as  a  function  of  the  polaron  radius  R_  .. 
a g  is  the  lattice  constant. 

Since  the  polaron  radii  for  electrons  end  holes  range  from  1.7  a 
(holes  in  ZnS)  to  Id  Sg  (electrons  in  InSb)  the  self-energy  is  con¬ 
siderably  affected,  but  the  polaron  mass  is  only  slightly  different 
from  that  in  the  continuum  approximation.  A  detailed  analysis  and  an 
application  to  more  polar  crystals  will  be  given  in  a  forthcoming 
paper. 

1  H.  Frfthlich,  H.  Pelzer  end  S.  Zienau:  Philos. Hag.  41 ,  221  (19S0). 

2  See  for  example  V.  Cochran  and  R.A.  Cowley  in  Handbuch  der  Physik 
Vol.  25/2a,  (Springer,  Heidelberg  1967). 

3  The  electron-«phonon  interaction  in  a  shell  model  was  also  treated 
by  J.H.  Vail,  J.Phys.  CIO,  2399  (1977), by  a  different  approach. 

4  T.S.  Lee,  F.C.  Low  and  0.  Pines:  Phys.Rev.  90.  297  (1933). 
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meinschaft  and  the  National  Science  foundation. 
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MAGNETIC  FIELD  DEPENDENT  RESTSTRAHLEN  SPECTRA  IN  PARAMAGNETIC  CeF3 
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Phyeikalisches  Institut  aer  Universitaet  Wuerzburg,  Roentgenring  8,  87 
Wuerzburg,  F.R.G. 


Abstract.  -  Magnetic  field  dependent  changes  in  the  Eu-reststrahlen  spectra 
of  CeF3  (frequency  shifts,  splittings  and  reduction  of  bandwidths)  have  been 
observed  at  T  *  1.6  K,  B  «  7  T,  differing  in  Voigt-  and  Faraday-configuration. 


Introduction.  -  The  magnetoelastlc  Interaction  between  4f-electrons  and  RaMn-active 
optical  phonons  In  ionic  Rare  Earth  (R.  E.)  compounds  gives  rise  to  a  splitting  of 
degenerate  Eg-modes  in  an  external  aagnetlc  field  B  parallel  to  the  optical  axis  Z 
of  an  uniaxial  crystal.  This  Interaction  also  shifts  the  phonon  frequences  with  re¬ 
spect  to  a  dlamgnetic  material  without  4f-electrons  /l,  2/.  The  wavenueber  diffe¬ 
rence  of  the  split  phonon  modes,  which  are  complex  conjugates,  follows: 
t£>  ■  A0S  tgh  (gugH/ZkT)  (1),  where  &s  is  the  saturation  splitting.  This 

effect  has  been  theoretical ly  interpreted  /3/,  assuming  a  phonon- Induced  multipolar 
deformation  of  the  R.  E.-ion  due  to  virtual  transitions  within  the  4f-conf1gurat1on. 
Theory  also  predicts/4,  5/  the  splitting  of  degenerate  Infrared-active  Eu-modes. 
Again  the  split  Eu-modes  are  oppositely  circularly  polarized  and  should  follow  (1). 

We  have  Investigated  the  Infrared  active  Eu-modes  of  the  CeP3  In  reflection 
at  T  -  1.6  K  In  a  magnetic  field  B  ■  7  T  parallel  to  Z.  We  studied  two  magnetic  con¬ 
figurations:  1.  Volgt-conflguratlon  (V.  c.):  K±  Z,  Bf'Z,  E_LZ;  2.  Faraday-configu¬ 
ration  (F.  c.):  Kll Z,  B‘i2,  E  \.l.  The  measurements  were  made  with  a  Fourler-spectro- 
meter  In  the  spectral  range  between  60  cm-1  and  650  cm"1.  The  crystals  were  Immersed 
In  superfluid  helium. 

Experimental  Results.  -  In  Fig.  1  the  reststrahlen  spectra  for  different  external 
magnetic  fields  In  F.  c.  are  shown.  Fig.  2  shows  the  corresponding  spectra  in  V.  c.. 
The  spectra  at  B  -  0  T  are  Identical  with  each  other  within  experimental  accuracy, 
but  differ  In  smell  but  meaningful  features  from  the  reststrahlen  spectra  published 
by  Lowndes  et  al.  IS/.  At  B  >  0  effects  of  the  magnetic  field  appear  In  both  confi¬ 
gurations  surprisingly  In  different  manner,  especially  near  320  cm"1  and  near  170 
cm*1.  In  Fig.  1  the  anomalous  slope  at  the  high-wavenumber  edge  of  the  reflection 
band  near  300  cm*1  disappears  with  Increasing  magnetic  field  and  gives  rise  to  a 
reflection  dip.  The  Intense  band  at  170  cm"1  shows  a  distinct  change  In  Its  form  and 
a  second  maximum  seems  to  appear  at  high  fields.  Generally  the  reststrahlen-bands 
appear  more  distinctly  with  Increasing  field  and  develop  steeper  slopes.  This  obvious 
reduction  of  the  bendwldth  occurs  even  more  clearly  In  the  V.  c.  (Fig.  2).  In  the 
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same  spectral  range  as  before  a  new  band  appears  at  340  cm-1  and  the  splitting  of 
the  band  near  170  cm"1  shows  up  more  clearly.  The  reststrahlen  spectra  in  both  con¬ 
figurations  differ  with  increasing  fields  beyond  the  experimental  uncertainty 
(Fig.  4).  This  difference  has  according  to  our  knowledge  not  been  predicted  theore¬ 
tically  up  to  now. 


Fig.  1  +  2  :  B-dependence  of  Eu-reststrahlen-spectra  of  CeF3 

Fig.  3  :  Wavenumber  shift  of  transverse  and  longitudinal 
phonons,  B//Z,  in  V.  c. 


JJ  G>F 


■23 
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For  the  evaluation  of  the  experimental  data  we  have  used  Kramers-Kronig-analysis  and, 
more  successfully,  a  Lorentzlan  oscillator-fit.  The  Faraday-spectra  are  the  superpo¬ 
sition  of  two  orthogonally  circularly  polarized  spectra  /5/,  which  can  only  be  ana¬ 
lyzed  by  an  oscillator-fit.  Here  we  present  the  results  for  the  V.  c..  We  have  cal¬ 
culated  the  reflection  spectra,  using  the  generalized  Kurosawa  relation  as  given  In 

/7/.  „ 

*  (v)  »  e  H  (Ivjl  -  v  -  iYjv)  /  n  ((vj)  -  v  -  1  yv)  (2) 

f  • 

where  vj  means  the  complex  longitudinal  frequency,  Vj  the  transverse  frequency  and 
Yj,  Yj  the  damping  factors  respectively. 

The  magnetic  field  dependence  of  Vy  3®  is  shown  In  Fig.  3.  The  oscillator  fit 
yields  for  the  band  near  170  cm"1  three  oscillators,  which  are  clearly  separated  at 
high  fields  (Fig.  2).  A  very  unusual  behaviour  shows  the  band  at  300  cm"1.  At  low 
fields  It  was  difficult  to  obtain  a  satisfying  fit  In  this  region.  We  had  to  take 
Into  account  an  additional  oscillator  tdilch  disappears  at  higher  fields  (see  below). 
Wa  find  one  case  where  the  transyerse  and  longitudinal  frequencies  of  one  Eu-«ode 
(•  3(7  cm"1)  shift  In  opposite  directions,  like  the  two  components  of  a  split  Eg- 
mode.  In  this  case  the  oscillator  strength  of  tills  mode  Is  growing  up  with  magnetic 
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Fig.  5  : 
B-aependent 
phonon  damping 


Fig.  4  :  Eu-reststrahlen  spectra  in 
V.  c.  and  F.  c.,  B  =  7  T. 


field.  Frequency  shifts  in  the  order  of  7  cm'1  to  higher  frequencies  are  observed  in 
several  cases.  These  shifts  behave  like  a  split  Eg-phonon  component  according  to  (1) 
and  saturate  at  3  -  4  T,  they  are  not  explained  by  existing  theory.  The  damping  fac¬ 
tor  of  the  longitudinal  mode  at  319  cm'1  decreases  with  Increasing  fields  from 
32  cm  '1  to  11  cm-1  in  the  same  form  as  found  in  Raman-experiments  12/ . 


Discussion.  -  Magnetic  field  dependent  frequency  shifts  and  changes  of  intensity  of 
Eu-phonons  were  predicted  by  Anastassakis  et  al.  (e.  g.  /4/)  using  symmetry  argu¬ 
ments  alone.  Our  observations  are  In  full  agreement  with  these  considerations.  A 
splitting  of  a  reststrahlen-band  due  to  magnetoelestic  interaction  and  predicted  by 
Thalmeier  and  Fulde  in  a  microscopic  treatment  / 5/  is  observed  perhaps  In  one  case 
(170  cm'1). 

The  additional  oscillator  at  low  magnetic  fields  near  300  cm'1  is  tentatively  attri¬ 
buted  to  magnetic  fluctuations,  which  are  traced  by  the  phonons.  Optical  phonons 
with  a  large  magnetoelastic  Interaction  seem  to  split  already  at  B  *  0  T  when  the 
timescale  of  these  fluctuations  exceeds  the  phonon  lifetime.  These  fluctuations  are 
suppressed  with  Increasing  magnetic  field.  The  differences  In  the  spectra  of  the  two 
configurations,  obtained  at  high  fields,  have  to  be  attributed  to  the  macroscopic 
Couloatb-fleld,  which  couples  with  the  phonon  in  V.  c.  but  not  in  F.  c.  and  has  to  be 
taken  Into  account  In  addition  to  the  magnetoelastlc  Interaction.  The  joint  effects 
of  both  interactions  require  an  elliptical  polarization  of  split  phonon  modes  In 
V.  c.  with  the  appearance  of  a  quasi-longitudinal  coaponent  In  the  spectrum  as  a 
consequence  (Fig.  2,. 340  cm-1). 
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Abstract.  -  He  have  developed  a  method  for  studying  phonon  inter - 
actions  in  picosecond  timescale,  which  manifest  themselves  in  op¬ 
tical  emission  spectra.  In  sodium  nitrite  transition  rates  bet¬ 
ween  high-frequency  internal  and  lattice  phonon  states  nave  been 
evaluated  and  their  correlation  with  the  order  of  anharmonicity 
has  been  observed.  For  anthracene  the  kinetics  of  vibron  relaxa¬ 
tion  up  to  acoustic  phonons  has  been  revealed. 


1.  Introduction.  -  Phonons  display  themselves  in  optical  spectra  of 
crystals  through  electron (exciton) -phonon  interaction.  For  example,  the 
luminescence  pure-electronic  spectral  line  may  possess  a  phonon  side¬ 
band  which  reflects  the  phonon  density-of-states  spectrum  rather  preci¬ 
sely  [11 .  The  same  interaction  enables  one  to  excite  optically  various 
phonon  states  through  the  absorption  of  photons  whose  energy  exceeds 
that  of  the  electronic  excitation  by  the  energy  of  the  phonon  state 
chosen.  Although  phonon  states  decay  much  faster  than  electronic  exci¬ 
tations  are  re-emitted  as  luminescence  there  is  a  small  part  of  the 
emission,  hot  luminescence  (HL)  [2],  which  occurs  in  the  course  of  the 
phonon  state  transformation/decay  process.  As  spectral  bands  of  HL  can 
be  ascribed  to  phonon  states  involved  in  the  process,  the  state  life¬ 
times  display  themselves  in  the  temporal  behaviour  of  the  HL  bands  or, 
in  the  case  of  steady-state  excitation  -  in  band  intensities.  Making 
use  of  these  circumstances  an  extensive  study  of  ultrafast  phonon  re¬ 
laxation  in  luminescence  centres  of  various  impurity  crystals  has  been 
carried  out  [3].  Here  we  demonstrate  the  possibilities  of  the  approach 
on  pure  monocrystals  possessing  intramolecular  phonon  nodes,  where  we 
study,  in  fact,  the  decay  of  exciton -phonon  complexes  created  initial¬ 
ly  by  light  absorption. 

2-  on  sodium  nitrtlte.  -  This  crystal  represents  an  example  of 

strong  binding  between  intramolecular  phonons  and  the  (Frenkel)  exci¬ 
ton  s  the  frequencies  of  O-N-O  stretching  and  bending  modes,  Vj  » 1330 
and  Vj  •  830  cm-1  decrease  to  v j  - 1020  and  v’  •  630  cm-1,  if  the  exciton 
is  created  in  the  cell.  Thus,  the  exc i ton-phonon  complex  (vibron)  can 
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i  :  On  the  right  -  emission  spec¬ 
trum  around  the  pure  ezcitonic  lumi¬ 
nescence  line  (+  its  phonon  sideband) 
at  cv  excitation  by  Ar  laser  3638  k 
line;  for  HL  bands  initial/final  pho¬ 
non  states  are  indicated;  "R"  labels 
Raman  replicas  (on  Vj,  v2)  of  the  la¬ 
ser  line.  On  the  left  -  the  scheme  of 
lowest  v{,  «2  vibron  states  and  decay 
routes;  transition  times  are  given  in 
picoseconds  and  periods  (T)  of  the 
decaying  phonon,  the  length  of  the 
shorter  wavy  line  corresponds  to  the 
energy  of  an  effective  lattice  phonon, 
the  longer  one  -  to  that  of  v^-phonon. 

decay  only  through  anharmonic 
coupling  between  internal  and 
lattice  phonons. 

The  obtained  picture  of  re¬ 
laxation  is  shown  in  Pig.  1  [4] 

(see  also  [5]).  By  virtue  of  the 
fact  that  the  maximum  energy  of 
lattice  phonons  is  as  low  as 
260  cm  1,  the  high-energy  inter¬ 
nal  vibrations  should  decay  through  multiphonon  processes  caused  by 
higher-order  anharmonic  coupling  terms  (or  by  higher-order  transitions 
on  lower  terms) .  This  is  clearly  expressed  in  the  transition  times 
which  allow  also  seme  quantitative  comparison  of  the  effectivities  of 
couplings:  the  decay  of  a  v^-phonon  (4-phonon  process  -  at  least  3  lat¬ 
tice  phonons  should  be  created)  is  five  times  faster  than  the  conver¬ 
sion  of  a  vj -phonon  into  and  2  lattice  ones,  while  the  direct  decay 
of  a  vj -phonon  is  surprisingly  fast  (due  to  the  possibility  of  a  3-pho¬ 
non  process  arising  through  the  coupling  to  v2 -vibrations  not  disturbed 
by  exciton) .  The  latter  argument  is  supported  by  the  fact  that  in  NOj- 
doped  alkali  halides  with  no  high-frequency  vibrations  in  the  vicinity 
of  the  excited  molecule  the  direct  decay  of  a  vj -phonon  is  not  observed 
[3,4],  in  general,  we  see  that  the  energy  gap  law  of  multiphonon  rela¬ 
xation  holds  at  a  given  case  Only  after  being  modified  by  the  account 
of  the  details  of  anharmonic  coupling  mechanism. 

3.  Results  on  anthracene.  -  This  crystal  represents  an  example  of  va¬ 
nishing  binding  of  internal  phonons  to  the  exciton  but  of  strong  inter¬ 
action  between  excitons  and  photons.  The  first  peculiarity  means  that 
here  HL  from  excited  states  of  internal  vibrations  should  display  the 
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n fc-i  s  On  the  right  -  emission  spec¬ 
trum  in  the  region  of  exciton  energy 
at  cw  excitation  by  the  3638  k  laser 
line.  HL  band  appearing  through  anni¬ 
hilation  of  Ay  390  cm  *  internal  pho¬ 
non  is  indicated.  For  the  emission  in 
"bottle-neck"  region  rise/decay  times 
have  been  measured  at  picosecond  pul¬ 
sed  excitation,  reflecting  polariton 
relaxation  on  acoustic  phonons.  On  the 
left  -  dispersion  curves  for  polari- 
tons  originating  from  a  pure  exciton 
and  its  strong  interaction  with  390 
and  1400  cm  1 2 3 4 5 6 7 8 9  phonons,  respectively. 


dissociation  of  vibron  rather 
than  the  decay  of  the  phonon. 
Indeed,  emission  spectra  measu¬ 
red  at  various  excitation  condi¬ 
tions  [6]  show  weak  HL  back¬ 
ground  under  Raman  lines  [7]  and 
one  weak  HL  band.  These  data 
give  for  the  dissociation/decay  times  of  higher  states  an  estimation 
50.1  ps  and  for  that  of  the  390  cm-1  phonon  -  0.2  ps  (Fig.  2).  Time  re¬ 
solved  measurements  [8]  led  to  the  following  conclusions:  decay  of  high- 
energy  states  can  populate  within  10  ps  directly  the  states  in  polari¬ 
ton  "bottle-neck",  where  the  population  distribution  is  formed  within 
100  ps.  From  an  intriguing  fact  that  the  spectrum  does  not  change  with 
lcs»eri..g  temperature  to  0.4  K  we  deduce  that  in  this  crystal  phonon- 
stimulated  processes  do  not  take  part  in  polariton  relaxations  and  the 
relaxation  mechanism  could  be  understood  if  phonon-dressed  polaritons 
are  introduced  (9] . 

1.  K.K.Rebane,  L. A. Rebane,  J.  Pure  Appl.  Ch«*m.  i7  (1974)  161;  see  also  Fig.  1. 

2.  P.Saari,  K.Rebane,  Solid  StAte  Com.  T_  (*369)  887. 

3.  K.Rebane,  P.Saari,  J.  Lumin>icence ,  1_6  (1978)  223. 

4.  J.U.Aaviksoo,  A.O.Anijalg,  P.M.Saari,  T.A.Snorik,  Sov.  Phys.  Sol.  St.  19  (1977) 

477.  ~ 

5.  M.Hangyo,  H.Yaaanaka,  R.Kato,  J.  Phys.  Soc.  Japan,  50  (1981)  895. 

6.  J.U.Aaviksoo,  P.M.Saari,  T.B.Tasm,  Pia'ma  JETP,  29  (1979)  388. 

7.  On  meaning  of  HL-to-Raman  ratio  see:  L.A.Rebaae,  K. K.Rebane,  in  present  issue  and 
Ref.  [31. 

8.  J.Aaviksoo,  P.Saari,  T.Tanm,  in;  Ultrafaat  Phenomena  in  Spectroscopy,  Proc.  Sec. 
Int.  Syap. ,  Reinhardsbrunn,  1980,  Gn).R.,  p.  479. 

9.  J.Aaviksoo,  G.Liidja,  P.Saari,  Phys.  Stat.  Sol.  (b)  (to  be  published). 
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PHONONS  IN  RESONANT  SECONDARY  EMISSION  OF  IMPURITY  MOLECULES  IN 
CRYSTALS 

L.A.  Rebane  and  K.K.  Rebane 

Institute  of  Physios  of  the  Estonian  SSI ?  Academy  of  Science 8,  Tartu,  U.S.S.R. 


Abstract.  -  Resonant  Raman  scattering  (RS),  hot  luminescence  (HL) 
and  ordinary  luminescence  (OL)  were  studied  in  the  spectra  of  S2 
and  Se2  impurity  molecules  in  KI  at  various  frequencies  of  laser 
excitation  and  temperatures.  Characteristic  times  of  phase  rela¬ 
xation  in  the  excited  electronic  state  caused  by  phonon  scatter¬ 
ing  were  estimated.  In  contradiction  with  the  simple  version  of 
the  RSE  theory  no  resonance  in  the  Reiman  scattering  cross  sec¬ 
tion  was  observed  when  the  excitation  frequency  was  close  or  in 
resonance  with  a  sharp  no-phonon  absorption  line. 


1.  Model  and  theoretical  formulas.  -  Theory  of  RSE  of  a  rapidly  relax¬ 
ing  center  predicts  three  components  in  the  spectrum  l(v1#v2)  corres¬ 
ponding  to  the  three  stages  of  the  transformation  of  the  primary  pho¬ 
ton  v1  into  the  emitted  secondary  phonon  v2«  A  model  with  only  one  lo¬ 
cal  vibration  a  interacting  with  lattice  phonons  is  considered  [1,2]. 
The  enharmonic  decay  and  the  phase  relaxation  r2  due  to  phonon 
scattering  are  taken  into  account.  Under  monochromatic  steady  excita¬ 
tion  in  resonance  with  the  vibronic  transition  v.  =<  v  +  n  ’  (v  -  fre- 

1  e  m  e 

quency  of  the  electronic  transition;  prime  refers  to  the  excited  elec¬ 
tronic  state)  in  the  low-temperature  limit 

I(vi,v2)  »  Bk (Vj  -  v^) [RS(Vj  -  v2)  + HL(v2  -  ve)  + OL(v2  -  vfi) ] .  (1) 


Here  k(vj  -  is  the  absorption  spectrum  of  the  photon  Vj.  RS  is  the 
spectrum  of  photons  v2  emitted  before  any  relaxation  has  taken  place: 


RStvj  -  v2) 


r21a^F--r 


n  „[(v, -v.+n  )2  +  rn 2]"\ 

n  n  1  1  n  n 


(2) 


where  F  is  the  Franck-Condon  f astor .  HL  is  the  emission  from  the 

■n 

states  where  the  phase  memory  is  lost,  but  the  population  of  vibratio¬ 
nal  levels  has  not  yet  reached  thermal  equilibrium  with  the  lattice: 


HL(v2-ve)  -  +nn)2  +  <r^rn)2r!<3) 


where  is  the  population  of  the  vibrational  level  l  under  excitation 
to  the  level  u.  OL  is  the  emission  from  vibrational  levels  in  thermal 
equilibrium  with  phonons  (from  l  ■  0  at  low  temperatures) : 
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ol(v, -v  >  =  y'1  z  f^  (r  +y)  [(v.  -  v  +si)2  +  (r  +  y)  2I  -1,  (4) 

z  e  on  n  z  e  n  n 

n*o 

where  y_1  is  the  radiative  lifetime.  It  should  be  pointed  out  that  the 
model  and  formulas  do  not  take  into  account  the  phonon  sidebands  and 
the  excitation  via  them. 

2.  Results.  -  The  impurity  molecules  and  Se^  in  KI  were  chosen  be¬ 
cause  of  their  single  local  (intramolecular)  vibration  of  a  relatively 
high  frequency  and  the  presence  of  a  long  series  of  sharp  no-phonon 
lines  in  their  low  temperature  luminescence  spectra  (3,4]  .  It  enables 
us  to  construct  the  potential  curves  and  to  calculate  the  Franck-Con- 
don  factors.  The  RSE  sp*~.trum  of  Se^  containing  all  three  components  - 
RS,  HL  and  OL,  is  shown  in  f'^rore  1  (see  also  [5]).  The  dependence  of 

the  intensities  «f  RS  overtones  on  their 
order  (vertical  lines  in  the  lower  part 
of  figure  1)  is  non-monototUc  in  accor¬ 
dance  with  calculated  Franck-Condon  fac¬ 
tors  (curve  1) .  The  experimental  HL  spec¬ 
trum  (solid  line)  is  in  accordance  with 
the  theoretical  one  (dashed  line)  obtained 
from  (3)  as  a  smoothed  sum  of  many  HL 
transitions.  From  the  relation  of  the 
summary  intensity  of  RS  lines  to  that  of 
the  OL  the  phase  relaxation  time  r“*  was 

5  l 

found  to  be  10  times  shorter  than  the 
optical  lifetime  y~  .  The  absence  of  no¬ 
phonon  lines  in  the  HL  spectrum  of  Se^ 
may  be  caused  by  relatively  short  life¬ 
times  of  the  excited  local  modes:  there 
is  not  enough  time  for  thermalization  of 
the  phonon  excited  at  the  impurity.  So,  when  the  HL  transition  takes 
place,  the  phonons  at  the  centre  are  still  hot  (the  Debye-Waller  fac¬ 
tor  is  considerably  mnaller  then  for  OL) .  For  this  interpretation 
(1)  no-phonon  lines  are  absent  in  the  OL  already  at  30  K;  (2)  the  local 
mode  of  Se~  can  decay  into  only  two  lattice  phonons. 

Figure  2  shows  the  RSB  spectrum  of  Sj  in  KI  under  excitation  in 
resonance  with  the  no-phonon  line  of  f  ■  4 .  On  a  broad  background  the  RS 
lines  are  well  displayed  (6] ,  and  some  of  the  HL  no-phonon  lines  may  be 
indicated.  The  background  and  its  considerable  increase  with  tempera¬ 
ture  is  due  to  RS  and  HL  transitions  in  which  lattice  phonons  are  in¬ 
volved.  The  intensity  relation  of  RSj  (first-order)  line  to  the  HL 


Fig.  1 
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(3+0)  line  is  4.2,  2.8  and  2.3  at  T  =  2,  10  and  15  K,  respectively.  It 
indicates  that  the  phase  relaxation  rate  increases  with  temperature 
more  rapidly  than  that  of  the  energy  relaxation. 

Both  RS  and  OL  intensities  should  follow  the  absorption  spectrum 
when  the  excitation  frequency  is  varied  (see  formula  (1)).  Figure  3 
shows  that  it  is  the  case  with  the  purely-electronic  line  of  OL  for 
excitation  frequencies  in  the  vicinity  of  the  no-phonon  line  l  ■  3  (the 
OL  excitation  spectrum  is  shown) ,  but  not  so  with  the  RS^  line.  Defi¬ 
nitely,  there  is  no  resonance  in  the  RS  cross  section,  i.e.  the  very 
simple  formulas  (1),  (2)  for  RS  are  inadequate.  A  more  elaborated  ver¬ 
sion  of  the  theory  taking  account  the  non-resonant  levels,  phonon 
wings  and  the  dependence  of  the  electronic  matrix  elements  on  vibra¬ 
tions  is  needed. 
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POLYMORPHIC  TRANSITIONS  IN  ALKALI  HALIDES.  A  MOLECULAR  DYNAMICS  STUDY 

M.  Parrinello  and  A.  Rahman* 

U.  of  Trieste,  Trieste,  Italy 
*Argorme  National  Laboratory ,  Argorme,  IL  60429,  U.S.A. 


Abstract Using  constant  pressure  molecular  dynamics  method,  B1  ♦  B2  trans¬ 
ition  In  K+C1*  has  been  studied.  The  microscopic  detail  of  the  transition 
Is  found  to  be  different  from  the  one  conjectured  about  In  the  literature. 


1.  Introduction.-  In  Born  and  Huangl  can  be  found  a  short  suamary  on  the  subject 
of  the  relative  stability  of  the  zlncblend,  rocksalt  and  cesium  chloride  polymorphs 
of  alkali  halides.  A  more  detailed  account  was  given  by  Tosl  and  Aral.2  The  the¬ 
oretical  work  has  only  been  concerned  with  the  evaluation  of  the  potential  energy 
of  the  system  using  various  short  range  Interactions  between  the  Ions. 

In  their  study  Tosl  and  Funl3  used  high  pressure  data  in  parametrizing  their 
potential  and  argued  that  at  high  density  the  potentials  needed  are  different  from 
the  ones  relevant  under  more  normal  conditions;  they  also  found  it  necessary  to 
make  the  pair  potentials  structure  dependent. 

Cbhen  and  Gordon*  used  the  parameter  free  potential  functions  developed  by 
Gordon  and  Kim®,  to  study  the  rocksalt  to  cesium  chloride  transition  pressure  and 
this  study  was  extended  by  Boyer-6  who  Included  the  effect  of  harmonic  vibrations  In 
the  calculation  of  the  free  energy;  this  however  did  not  materially  affect  the  con¬ 
clusions  based  on  static  calculations. 

In  the  work  presented  here  we  have  used  the  Gordon-KIm5  potentials  In  the  para¬ 
metrized  form  developed  by  Boyer  .6  The  key  element  In  this  study  is  the  use  of  new 
molecular  dynamics  methods  briefly  summarized  in  tbe  following  section.  These  meth¬ 
ods  make  it  possible  for  a  system  of  classical  particles  to  rearrange  into  new  crys¬ 
talline  patterns  If  the  ambient  conditions  of  temperature  and  pressure  are  favor¬ 
able  for  such  rearrangement . 

2.  Periodic  Boundary  Conditions  Varying  In  Time.-  A  system  of  N  particles  confined 
by  periodic  boundary  conditions  Is  In  crystallographic  language,  equivalent  to  a 

Br avals  lattice  defined  by.a,b,£,  the  unit  cell  having  voluae  e  ■  a.(b  -  c)  and  con¬ 
taining  N  particles  with  fractional  coordinates  .s^  spreading  the  system  In  the  unit 
cell  In  some  prescribed  fashion. 

Parrinello  and  Rahman2  Introduced  the  possibility  of  making  the  vectors  a,b,c 


C6-5I2 


JOURNAL  DE  PHYSIQUE 


dynamical  variables  in  addition  to  the  usual  ones,  namely  all  the  s^.  Let  h  * 
l.a,J>,.c,)  be  the  tensor  formed  by  the  vectors  £,b,£.  Then  a  *  det  b  ,  the  position 
vector  isr  •  h  _s  and  the  distance  square  is  given  by  £Z  «  s^'b  s  5s  where  6 
is  therefore  the  metric  tensor;  the  prime  denotes  a  transpose  in  the  usual  way. 

The  equations  of  motion  generated  by  the  Lagranglan  introduced?  are  as  follows: 


If  =  "i1  tf1  li  -  6'1  §  ii  •  1  *  1 . N.  (1) 

h  *  W  1(«  -  p)g  ,  (2) 

where  the  various  symbols  are  defined  as: 

g  =  {]>"£..  c-_a,  _a-b>  (3) 

sti  »  z  (ik»  jvi  v^  ♦  f.  jr ^ ) .  (dyadic  notation)  (4) 

If  =  -  tf/aif  .  (5) 

li  m  %±i  •  (6) 

p,  the  externally  applied  pressure, 

V,  the  potential  df  particle  Interactions, 


U,  has  dimension  of  mass;  it  gives  inertia  to  the  temporal  change  of  the  hi(l. 

Results  based  on  these  equations  have  been  published?  already  and  a  generaliza¬ 
tion  from  p  to  a  general  anisotropic  stress  tensor  has  also  been  made  and  the  re¬ 
sults  presented  elsewhere. 8  A  discussion  of  the  role  played  by  W  is  also  given 
there .® 

Eq.  (2)  shows  that  the  vectors  £,]>,£  i.e.  the  nine  lengths  hX(1  change  in  time 
because  of  the  Imbalance  between  the  external  pressure  and  the  momentary,  internal¬ 
ly  generated,  stress  from  particle  moments  and  from  Internal  forces. 

In  parenthesis  It  is  worth  mentioning  that  the  old  molecular  dynamics  methods 
implicitly  assumed  the  external  stress  to  change  with  time  in  such  a  way  as  to  bal¬ 
ance  out  |  and  give  §  »  0;  this  coupled  with  initial  condition  (j  ■  0  automatically 
gave  a  non-varying  Br avals  cell  £,b,c. 

3.  Httlecular  Dynamics  Model  for  Crystalline  KC1.-  A  neutral  system  of  500  ions 
C250  K*  and  250  Cl*)  was  given  a  rocksalt  structure  at  genesis  in  the  following 
unusual  manner  (see  section  5  below).  In  a  rectangular  paralleloplded  farmed  by 
vectors  £,J&,£  of  lengths  5S,  55,  5/?S,  a  body-centered  tetragonal  lattice 
with  250  sites  (2x53)  was  constructed,  the  lattice  constants  being  S,S,/?S.  A 
displacement  of  (S/2, S/2,0)  produced  a  similar  lattice  of  250  sites  for  the  other 
species  In  a  rocksalt  structure. 

The  method  of  molecular  dynmalcs  was  used  to  study  this  system  of  500  parti¬ 
cles  confined,  with  periodic  boundary  conditions,  in  a  cell  formed  by  vectors  a,j>,jc. 
The  equations  of  motion  were  glvdn  in  section  2.  The  potential  function  ¥  was  writ¬ 
ten  as  a  sun  of  pair  interactions;  these  were  taken  from  fiordon-KimS  and  used  in 
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the  convenient  parametrized  form  given  by  Boyer. ®  The  1/r  Coulomb  potential  of 
course  makes  It  necessary  to  use  Ewald's  simulation;  this  has  to  take  proper  account 
of  the  ever  changing  vectors  £,b,£  which  define  the  periodically  repeating  cell 
with  500  particles.  The  unit  of  mass  was  taken  to  be  the  reduced  mass  of  a  K,  Cl 
pair;  In  these  units  W  was  chosen  to  be  20.  The  Integration  was  done  in  steps  of 
0.29  x  10- Ws. 

4.  Behavior  in  Time  of  a  KC1  System  under  High  Pressure.-  A  rocksalt  KC1  system 
of  500  ions  was  equilibrated  at  zero  pressure  and  300*  K;  the  pressure  was  Increased 
to  44  kb  within  one  molecular  dynamics  Integration  step.  The  density  and  temper¬ 
ature  are  shown  in  Fig.  1  as  functions  of  time  after  the  moment  of  sudden  pressure 
change. 


i 

{ 

:  Fig,  1:  Time  history  of  a  compression  and  decompression  run.  The  points  plotted 

)  are  25  at  apart  hence  the  non-smooth  appearance.  In  regions  <I>  to  <IV>  the  pair 

correlations  were  monitored.  These  have  not  been  shown  In  this  paper .  signifi¬ 
cance  of  the  numbered  vertical  arrows  is  discussed  is  sections  4  and  $. 


Me  note  that 

1)  in  about  1.3  ps  the  system  acquires  a  new  state  at  925*  K,  2.6  gcm-3 
11)  this  turns  out  to  be  a  metastab'le  state  which  lasts  for  1.5  ps  more,  the  re¬ 
gion  of  time  between  arrows  marked  #1  and  #2  in  Fig.  1. 
ill)  the  region  between  arrows  #2  and  #3  is  clearly  one  of  rapid  changes;  the 
density  rises  to  2.85  gcrn-3  and  the  temperature  to  1250*  K,  within  Mwut 
0.3  ps. 

All  the  pair  correlations  were  monitored  during  the  regions  of  time  indicated 
by  bracketed  Roman  numerals  <...>  In  Fig.  1. 


C6-5I4 


JOURNAL  DE  PHYSIQUE 


The  K-K,  K-Cl,  Cl-Cl  pair  correlations  all  shotted  that  the  shell  distances  and 
coordination  mnbers  had  changed  from  those  of  the  rocksalt  structure  to  those  of 
cesium  chloride:  the  like  Ions  changing  from  an  fee  to  a  simple  cubic  arrangement 
and  the  unlike  ones  changing  from  an  octahedral,  6  coordination,  to  the  cubic, 

8  coordination,  of  unlike  nearest  neighbors. 

5.  Microscopic  Detail  of  the  Transformation.-  A  particle  by  particle  analysis  of 
the  transformation  just  described  reveals  (Fig.  2)  how  the  B1  *  82  transformation 
occurs. 

Figure  2A  shows  a  body-centered  tetragonal  lattice,  lattice  vectors  ai,J>,c, 
lengths  a, a,  /?a  respectively.  The  atoms  are  indicated  by*.  This  Is  an  fee 
lattice  of  •  Ions.  The  other  species,  shown  as  ®,  completes  the  rocksalt  struc¬ 
ture. 

Operation  #1:  Uniform  dilatation  of  amount  /l  In  the  direction  of  a  as  In¬ 
dicated  by  the  thick  arrow  In  Fig.  2A.  The  result  is  shown  in  Fig.  2B:  _a,b,£  be¬ 
come  1^,£. 

Operation  #2:  A  move  of  alternate  planes  in  the  z  direction  as  indicated  by 
the  fine  arrows  In  Fig.  2B.  The  result  Is  shown  in  Fig.  2C;  the  center  of  the 
square  face  formed  by  a'c_  Is  now  occupied  by  *  .  An  atom  of  the  same  type  occu¬ 
pies  the  opposite  square  face;  It  Is  the  shadowy  filled  circle  in  Fig.  2C. 

Fig.  2C  shows  a  simple  cubic  lattice  of  like  ions,  the  like  and  unlike  Ions 
together  forming  a  cesium  chloride  structure. 


CESIUM  CHLORIDE 
C 


fig.  2:  Detail  of  rocksalt  to  cesfua  chloride  found  to  occur  in  this  calculation. 
Thick  arrow  In  A  indicates  a  dilatation,  resulting  In  B.  Fine  arrows  in  B  Indicate 
displacaMnts  of  particles  with  a  coaaiun  c  direction  coordinate,  resulting  In  the 
final  structure  C.  A  Is  a  B1  and  C  a  B2  structure. 
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In  the  conventional  coordinate  system  used  for  B1  structures  the  transforma¬ 
tion  is  a  dilatation  in  the  (1,1,0)  direction  and  a  transverse,  (0  0  1),  zone  bound¬ 
ary  phonon  with  polarization  vector  in  the  (-1,1,0)  direction.  The  rock  salt  •*  ce¬ 
sium  chloride  transformation  described  in  the  previous  section  occurs  according  to 
the  pattern  just  described. 

The  speculation  in  the  literatures  is  therefore  not  substantiated  by  our 
calculation.  It  was  conjectured  that  the  change  occurred  by  a  trigonal  lattice 
of  angle  60*  (sfcc)  becoming  a  trigonal  lattice  of  angle  90*  which  is  a  simple  cu¬ 
bic  lattice. 

6.  Effect  of  Decompression.-  The  region  of  time  between  arrows  #3  and  4  In  Fig.  1 
shows  the  high  pressure,  high  temperature  cesium  chloride  structure  in  a  state  of 
equilibrium.  At  the  time  indicated  by  arrow  #4  the  pressure  was  dropped  from  the 
ambient  value,  44  kb  to  zero  in  one  molecular  dynamics  time  step.  Analysis  of  the 
structure  between  arrows  #4  and  5  shows  that  the  system  was  in  the  process  of  chang¬ 
ing  from  a  B2  to  a  B1  structure.  Beyond  arrow  #5  the  system  is  a  hot,  zero  pres¬ 
sure,  stable  rocksalt  structure. 

7.  Conclusion.-  The  above  example  shows  that  with  constant  pressure  molecular  dy¬ 
namics  calculatidns  it  is  possible  to  study  the  kinetic  detail  of  polymorphic  tran¬ 
sitions.  In  the  case  of  KC1  several  other  similar  calculations  have  shown  that 
large  pressures  and  high  temperatures  are  needed  to  trigger  the  transition.  Thus 
in  studying  polymorphic  transitions  It  is  necessary  not  only  to  inquire  into  the 
thermodynamic  transition  parameters  but  also,  using  e.g.  the  method  exemplified 
above,  into  the  height  of  the  various  barriers  that  hinder  the  transition. 
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RENORMALIZED  RESPONSE  THEORY  WITH  APPLICATIONS  TO  PHONON  ANOMALIES 

C.  Falter,  W.  Ludwig  and  M.  Selmke 

Inst-itut  fUr  Theoretieohe  Phyaik  II  der  Univeraitat  Muenater ,  Domagkatr.  75, 
0-4400  Muenater,  F.R.G. 


Aba tract. -A  recently  developed  renormalization  method  for  the  electron  respon¬ 
se  problem  in  effective  ion-interactiona  is  applied  to  phonon  anomalies.  A  mi¬ 
croscopic  mechanism  for  the  anomalies  is  proposed  and  its  relation  to  the 
electron-phonon-coupling  parameter  1  end  thus  to  X  is  discussed. 


The  renormalization  method  proposed  in  £1,2]  for  various  applications  allows  for  a 
division  of  the  electronic  density  response  function  D  into  a  part  15,  which  renor¬ 
malizes  the  potential  (and  other  quantities)  thus  leading  to  screened  interactions 
and  a  part  which  acts  in  the  renormalized  system  containing  the  relevant  degrees  of 
freedom  in  a  special  situation.  This  method  is  able  to  isolate  certain  features  of 
the  electronic  structure  like  the  Fermi  surface  effect  in  metallic  compounds,  the 
local  field  effect  in  covalent  crystals  or  special  many  body  effects.  The  characte¬ 
ristic  items  of  a  definite  phenomenon  are  prepared  by  decomposing  the  polarizabili¬ 
ty  function  *,  which  is  defined  in  terms  of  quasiparticlea,  into  a  part  s  describ¬ 
ing  the  screening  (renormalization)  and  a  complementary  part  A,  containing  the  rele¬ 
vant  aspects  of  the  response  in  a  special  case:  ir  -  T  +  A  .  (I) 

This  division  can  be  shown  to  achieve  a  renormalization  of  D,  which  is  related  to 
the  interactions  of  bare  particles.  With  Coulomb-interaction  v  and  dielectric  func¬ 
tion  e  we  obtain 

D  ■  15  (?""') +Dr?-1  ;  e"1  e"1.?'1  ;  5  -  »e_1  (2a) 

D  “  Ac-1  ;  e  *  “  (lev  A)  *  j  I  ♦  W  j  V  •  I  *v.  (2b) 

^  r  l  —  t  ^  e 

In  lowest  order  we  can  replace  D  -►  A  ,  D  ■  D  ♦  (I  ')  Al  (3) 

The  effective  ion-interaction  between  two  ions  at  X  *  i  (l  ,2]  is  given  by 

*(X,X)  -  vn(X,J)  -  Vj  D  V|  ,  (A) 

where  V11  is  the  direct  ion-ion- interact ion  and  the  ion-(peaodo-)potential; 

X  -  (a, a)  contains  indices  for  unit  cell  end  basis,  reap..  The  Fourier-transformed 
effective  interaction  splits  according  to  (A, 2a)  into  additive  parte,  the  anoomlous 
one  being  [3]  (Q'-  q+?'  ;  0"-  etc.) 

♦r  q ^ q *  *  -  va(Q)  <*"'>  qtq"  DrQ»q’»»(?  *>q"*q>  *  (5) 

so  that  the  renormalized  part  of  the  dynamical  matrix  can  be  written  as  (V^ :  volume 
of  unit  cell;  £:  reciprocal  lattice  vector) 

•“!*  -  <wn  i  *tj<j»  <« 
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with 


*rn<<> 


i 

2,2* 


<;4, ^  ;ja> 


(7) 


The  problem  of  phonon  anoaalies  and  especially  the  correlation  of  soft-phonon  inodes 
to  high  Tf  is  often  dealt  with  but  it  is  not  solved  in  a  unique  way  (see  (£J  for  a 
review).  In  (3,5,6]  a  general  explanation  for  the  phonon  anomalies  is  proposed.  As 
a  minimal  assumption  for  the  use  of  the  renormalization  method  in  &  we  separate  off 
the  Fermi  surface  effect  as  the  relevant  part  of  the  metallic  binding  component  which 
we  assume  to  be  dominant  in  screening.  The  only  characteristic  property  of  a  special 
material  which  enters  the  theory  are  the  small  critical  wave  vectors  qcr  (nesting 
vectors),  which  occur  in  Fermi  surfaces  with  a  special  geometry  (high  density  of 
states  at  the  Fermi  level  e^,  [7]).  We  define  A  (eq.(l))  to  be  the  difference  in  the 
polarizabilities  of  the  anomalous  and  the  normal  system  (e.g.  TaC  and  HfC),  one  hav¬ 
ing  Fermi  energy  ♦  fie,  the  other  one  eF:  A  -  v(eF+Se)  -  it(eF)  (8) 

A  contains  all  the  effects  originating  from  the  different  topologies  of  the  Fermi 
surfaces  in  the  two  materials.  In  our  model  calculations  [3,5,6]  we  use  eq.(5)  with 
a  diagonal  renormalization  for  the  potentials  and  obtain,  linear  in  A, 

*rq%,6'  ‘  V^)<4£’  *  (9) 

A  can  be  shown  to  be  essentially  the  difference  of  the  free  electron  polarizabili¬ 
ties  ir_ 


FE 


A  s  r„(y«t)  -  *ra(cF)  *  j^V-fik  *  £§j-  Z(eF)an 


2ly!<l+G| 


2^-1^! 


do) 
(or  at 


In  general  A  will  have  a  pronounced  q-space  resonance  structure  at  the  q 
2ky  in  the  model,  reap.)  of  the  Fermi  surface  (Fig.  1).  This  resonance  then  occurs 
in  the  effective  ion-interaction  (9)  and  finally  in  the  dynamical  matrix  (6,7).  The 
magnitude  of  the  anomaly  effect  is  determined  by  the  competition  between  the  strength 
of  the  renormalized  electron-ion-interaction  and  the  density  of  states  Z(eF),  eqs. 

(9,  lo).  If  the  resonance  condition  |q-»2|iB2kF  is  satisfied  for  2-0  (i.e.  small 


lities  (full  lines)  and  estimated  value 
according  to  aq.(lo)  (dotted  line). 


2,  Anomalous  pert  of  the  dynamieal  matrix 
t  for  the  (1 ,o,o) -direction  of  cubic  sym¬ 
metry  .  tT  is  shown  for  the  exact  A  (full 
line),  the  estimated  A  (dotted  line)  and 
with  Hubbard-correction. for  exchange  and 
correlation  in  A  and  e  (dashed  line). 


i 
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critical  wave  vectors),  we  have  strong  potentials  Va[3,5,6]  and  thus  an  observable 
anomaly  effect  if  Z(£f)  is  high  (Fig. 2).  The  corresponding  frequency  shift  is  Aw® 
tr/2w,  w  being  the  frequency  of  the  reference  system.  The  factor  q^.q^  in  (7)  tells 
us,  that  the  anomaly  only  occurs  in  LA -mode a .  In  the  case  of  a  second  aublattice 
(NaCl -structure)  there  is  a  coupling  between  LA/LO-  and  TA/TO-modes;  then  the  fre¬ 
quency-shift  in  (l,o, o)  is  approximately  (linearly  in  tr)  given  by 

Aw±  -  (4w±)  {t^  +  tcc  ±  -  tcc)  +  y2  tMC])  ,  (11) 

where  tr  denotes  the  anomalous  components  of  the  dynamical  matrix  (6),  M  stands  for 
metal,  C  for  carbon,  resp.  and  ±  denote  optical  or  acoustical  modes,  reap..  Eq .(II) 
shows  the  scaling  of  Aw+  with  the  inverse  frequency  w+  of  the  reference  system;  this 
explains  the  suppression  of  the  anomaly  in  the  optical  modes  relatively  to  the 
acoustic  ones. 

We  will  now  trace  how  the  anomalies  due  to  the  Fermi  surface  effect  enter  the  elec¬ 
tron-phonon-coupling  parameter  X  and  thus  the  critical  temperature  Tc  of  a  supercon¬ 
ductor.  According  to  [4]  the  (isotropically)  averaged  expression  for  X  is 


I  Z<V 


<J2> 
a 

M  <w2> 

a 


<J  >  -  <  |  <k|-— 

ai 


5  (VgesfVxpM /».(> 2) 


,  cr 

The  gradient  of  the  total  self-consistent  crystal  potential  (harmonic  theory)  in 

(12)  can  be  calculated  in  linear  response  theory.  Thus  the  same  effects  which  pro- 

2 

duce  the  phonon  anomalies  enter  <J  >  quadratically  via  A,  eq.(8);  the  anomalous  con¬ 
tribution  is  given  by  [3,6]  e-'v  .  r'fr'v  )  :  n-SM  »  .  (13) 


Va  ’  V<r  'V  '  (,^A)  Va 


This  indicates  clearly,  that  the  squared  natrix  element  <J  >  in  (12)  is  reduced  in 

a 

general  compared  to  the  reference  system.  On  the  other  hand  the  high  Z(ey) -values  of 

the  special  Fermi-surfaces  under  consideration' produce  an  increase  in  X.  Thus  the 
2 

product  Z(e,).<J  >  to  a  certain  extent  is  limited  or  at  least,  it  should  vary  less 
1  “  2  2 

than  either  Z(e_)  or  <J  »  ;  but  <w  >  likewise  involves  the  electron-phonon-coupling 
r  °  2 

and  varies  similarly  as  <J(J>  (phonon-softening),  so  that  we  can  expect  an  approxima¬ 
tive  proportionality  between  X  and  Z(c^) .  These  theoretical  predictions  are  support¬ 
ed  empirically  on  the  basis  of  experimental  data  for  the  transition  metals  and  com¬ 
pounds  lej . 

References.  -  l.C. Falter  and  M.Selmke,  Phys.Rev.  B2J_,  2o78(198o);  2. C. Falter,  W. Lud¬ 
wig  and  M.Selmke,  Fhys.Lett.  82A,  195(1981);  3. C. Falter,  Habil.Schrift  (to  be  pub¬ 
lished)  ;  4.S.K.Sinha,  P.B.AUen,  Dynamical  Properties  of  Solids  3,  North  Holism), 
Amsterdam  (198o)s  5.C. Falter  and  M.Selmke,  Phys.Rev.  824  (to  appear  1981);  6.C.Fal- 
ter,  W. Ludwig  and  M.Selmke,  Phys.Lett.  A  (to  be  published);  7.8.M.Klein,  l.L.loyer 
tad  D.A.Fapeconstaatopoulos,  Solid  State  Come.  2o,  937(1976)}  8.  C.M.Venm  and  ». 
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THE  GENERALIZED  PSEUDOATOM  FORMALISM  IN  LATTICE  DYNAMICS 
M.A.  Ball 

D.A.M.T.P. ,  University  of  Liverpool,  Liverpool  L69  3BX,  U.K. 


Abstract. 

The  change  I  In  potential  due  to  a  phonon  Is  expressed  in  terms  of  the 
susceptibility  and  the  effective  charge  vector.  It  is  analytic  in  metals 
or  where  £effis  zero,  and  hence  can  be  uniquely  split  into  parts  which 
rigidly  follow  the  ions  and  parts  which  deform  as  the  ions  move.  This 
'generalised  pseudoatom*  is  neutral.  The  dynamical  matrix  is  expressed  in 
terms  of  I  both  in  the  reciprocal  lattice  representation  and  other 
representations. 


We  show  first  that  the  charge  density  of  a  finite  system  is  a  sum  of  uniquely- 
defined  pseudoatoms,  each  consisting  of  a  part  moving  rigidly  with  an  ion  and  a 
part  which  deforms  /l/.  Suppose  the  ion  at  R°  moves  to  R°  +  iR^.  The  change  in 
charge  density  to  first-order  is  fj(r).«R .  *Now  Mr)  can  be  written 

fj(r)  *  -  vPj(r  -  R°)  +  V  x  Bj(r  -  Rj)  (1). 


Thus  to  first  order  in  <SRj,  the  total  charge  density  of  the  system  is 

nQ(r)  +  ?(Pj(r  -  Rj)  +  «Rj  .  v  x  |j(r  -  R°))  (Z). 

Translational  invariance  /l/  makes  nQ(r)  zero.  The  term  pj(r  -  Rj)  is  the  part 
which  moves  rigidly  with  the  ion  and  the  other  term  is  the  deformation. 

In  crystals  the  ions  move  collectively  as  phonons.  For  (2)  to  be  valid,  the 
charge  density  must  be  analytic  in  q,  the  wave-vector  of  the  phonon.  Let  the 
equilibrium  position  vector  of  the  k  ion  In  the  unit  cell  at  Jt  be  R°  (t,x)  s  t  t  R° 
(«).  This  is  displaced  «R  (k)  exp  [iq  .  R  (i,k)]  by  the  phonon.  The  change,  in  the 
electronic  charge  density  is  written 

lV  «R(x).f  (q  ♦  g  *)exp  tfq  ♦  g)r]  exp  [ig.R(x)]  (3) 

*  9 

where  g  are  reciprocal  lattice  vectors  and  t  is  the  cell  volume.  The  change  in  the 
total  charge  density  is  written  f(g  ♦  g,x).  We  write  the  potential  of  the  nucleus 
and  the  core  electrons  as  W(r-R(t,K);w).  Then 

?e(g  ♦  g.<)  “  1g.  x  (q  *  ?.  3  ♦  ?')(q  +  g')w(q  +  g\K)exp[i(g  -  g* ).r(k)j  (4) 

The  electron-phonon  operator  can  be  expressed  in  terms  of  f  and  W. 

I  (  q  ♦  g.«)  -  1  (q  ♦  g)W(q  +  g.*)  ♦  v(q  +  g)'f#  (q  +  g,0  (5) 

whefh  v  Is  the  Coulomb  interaction.  Then 
I  (q  ♦  g.r)  »  ♦  g,  q  *•  S' Kq  +  |'J*(q  +  g’ .tcJexpfUg-g' ).R(k)]  (6) 
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where  e  Is  the  dielectric  function  matrix.  Inverting  /2 / 

(g  +  g)W(g  +  g,*)  =  ii  E(q  +  g,  q  +  g')I(q  +  g‘  ,«c)exp[i  (g  -  g').R(<)]  (7) 

I  is  the  change  in  potential  felt  by  a  classical  point  charge.  2'  1S  the  change 
felt  by  a  valence  electron:  it  includes  exchange  and  correlation. 

To  investigate  the  analyticity  of  I,  we  write  I  (q  +  g,x)  in  terms  of  the 
'susceptibility'  *  and  the  effective  charge  vector  2  (q,«c)  /3/ : 

A  —  — 

A  /A  ,A  .  _  V 

x  =  X  +  X  (-V  -  v)^  (8) 

z  (q  +  g.x)  =-1({q  +  g)W(q  +  g,K)/v(q  +  g)  +  Eg,^(q  +  g,  q  +  g') 

(q  +  g/)w(q  +  g'.<)  exP  n (?  -  g‘ )-R(«c)i )  O) 

In  Insulators  and  metals  lim  j  ,  ^ff  {<)  q  (10) 

where  ^eff 

(k)  Is  the  effective  charge  tensor.  Hence 

I  (g.x)  -  -  e'^q.g)  v(g)  2(g,x)  (11) 

and 

A  i 

I(g  +  g,x)  *  -v(g  +  g)  (Z  (q  +  g.x)  +^(g  +  g,  q)e  (q.q)v(q)Z{q,ic)  (12) 

There  can  only  be  non-analytic  behaviour  in  the  limit  q  ->  0.  In  Insulators 
the  second  term  in  (12)  Is  non-analytic  if  2eff  (*)  Is  non-zero  so  I  (g  +  g.x)  is 

analytic  If  and  only  if  2®ff  (k)  Is  zero.  In  a  metal  v(q)E-1(g,q)  -*~l/*(q,q). 

both  x(q,q)  and  ^(q  +  g,q)  tend  to  a  finite  limit  and  I(q  +  g,<)  is  always  analytic. 
Thus  In  metals,  and  in  those  Insulators  where  (*)  is  zero  I  is  analytic  and 
and  so  are  I'  and  f.  Each  such  vector  field  can  be  uniquely  decomposed  Into  vectors 
parallel  and  perpendicular  to  q  +  g,  i.e. 

f  (g  +  g.K)  -  i(-  (g  +  g)  p  (g  +  g.K)  *  (q  +  g)  x  B(q  +  g,K))  (13) 

I'  (q  +  g,*)  *  1(-q  ♦  g)  U  (q  +  g,x)  +  (q  +  g)  x  u  (q  +  g,r))  (14) 

In  real  space,  this  decomposition  gives  (2)  for  f  and  a  similar  result  for  I'.  In 
Insulators  where  (k)  Is  non-zero  f  is  not  analytic  and  the  charge  density  can¬ 
not  completely  be  described  in  terms  of  pseudoatoms  111. 

One  advantage  of  the  formalism  Is  that  the  pseudoatom  is  neutral 

^  p(q,K)  -  i.q  zeff (*0 .qt'1  (q.q)v(q)4* e2  =  o  (is). 

Another  is  that  It  gives  the  potential  which  an  electron  sees  when  a  phonon  is 
present.  The  rigid  part  of  this  potential  is 

u(q  +  g,r)  *  (g  +  g).  I'  (q  ♦  g,K)/|q  +  g)2  (16) 

The  main  part  of  the  effective  interaction  between  the  ions  is  / 3,2/ 

Using  (T7)  and “the  inversion  procedure  (7),  the  dynamical  matrix  becomes 

*’*  ~  “  (18) 
This  expression  Is  In  the  reciprocal-lattice  representation.  It  can  be 


Co -5  2 


generalised  to  other  representations  by  considering  e  as  a  matrix  and  I  as  a 
'vector'.  Then  the  dynamical  matrix  in  a  general  representation  is 

(MwVkkj)  ^2  Cl !  9)< 

This  expression  (19)  avoids  the  inversion  procedure  needed  to  derive^  from  . 
Using  the  R.P.A.  expression  for  £  ,  the  dynamical  matrix  becomes  C'  +  J^'  where 

£to<!zL))  2  Llfyi*)C®(CL  t*cka.ng*. ,  eh.. f  tjnvii  (20) 

p' = c /r^A  «<  > 

Sinha  /4/  has  obtafneaa  similar  formular  to  this  with  ^  in  place  of  ,* 
however,  Ms  definition  of  I  is  different  from  ours. 

Equations  (20  and  (21)  are  useful  when  we  can  use  the  pseudoatom  concept.  Then 
we  replace  I  by  I*  and  Incorporate  all  the  exchange,  etc.,  effects  into  C 1 .  I'  can 

^  ^  <9  «w 

then  be  written  in  the  pseudoatom  form  (17),  i.e. 

S'4 ,*))/*-  -  CY 

The  neutrality  of  tfie pseudoatom  means'that  the  cancellation  between  the  large 
Coulombic  attractive  and  repulsive  terms  has  already  been  accomplished.  If  there 
is  a  suitable  approximation  for  the  potential  u,  and  u  can  be  neglected,  it  Is 
practical  to  calculate  rftq,*)  in  certain  representations,  e.g.  (t,m)  orbitals  or 
the  tight-binding  representation  /4/. 

When  Z(q,x)  is  pure  imaginary  In  a  cubic  material,  the  only  direction  for 
2{<],k)  is  along  q,  so  that  I'(q,K)  has  no  deformation  part.  When  there  is  in¬ 
version  symmetry,  %  (q,q  +  g)  Is  real,  so  that  2(q,x)  is  pure  imaginary  provided 
£.R(k )  is  an  Integer  times  it.  This  occurs  in  cubic  crystals  with  one  ion  per  unit 
cell  or  with  the  NaCl  structure,  but  not  with  the  diamond  structure  or  the  A15 
structure.  Thus  I'(q,»c)  has  no  deformation  In  the  alkali  metals,  nor  in  Nb,  No, 

MoC  and  TaC,  but  may  have  significant  deformation  in  Ge  and  Si  and  the  A15  metals. 

It  would  be  of  interest  to  measure  the  change  in  electron-phonon  coupling  and  in 
Tc  in  Nb,  Pb  and  Mo  caused  by  strains  which  alter  the  syranetry  and  thus  allow 
deformation. 

The  second  term  of  (12)  is  in  the  q-dlrection,  so  that  if  q  is  perpendicular 
to  g  it  contributes  ar  deformation  part  to  I(q  +  g,*).  If  I(q  +  g,*)  is  calculated 
from  a  band-structure  calculation,  this  term'is  neglected,  but  In  metals  It  con- 
contributes  to  the  elastic  constants. 
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A  STRONG  COUPLED  ACOUSTIC  DEFORMATION  POLARON  IN  ONE  DIMENSION 

E.W.  Young*  and  P.B.  Shaw 

Pennsylvania  State  University ,  U.S.A. 


Abstract.  -  A  study  is  undertaken  of  the  system  comprised  of  an  electron  in¬ 
teracting  with  acoustic  phonons  via  the  deformation  potential  in  one  dimen¬ 
sion.  A  strong  coupling  adiabatic  perturbation  theory  is  developed  in  which 
an  effective-phonon  Hamiltonian  is  generated  and  determined  by  the  solution  of 
an  iterative  equation.  Modified  phonon  modes  are  obtained  which  represent 
excitations  of  the  deformed  lattice.  One  of  the  modes  is  a  translation  which 
is  interpreted  as  a  polar on.  The  effective  mass  of  the  polaron  is  determined. 
The  density  of  modified  phonon  modes  is  obtained  by  a  Green's  function  method 
and  the  shift  from  the  constant  unperturbed  density  is  computed.  The  energy, 
to  the  next  order  In  Inverse  coupling  constant  beyond  the  strong  coupling 
limit,  involves  this  shift  in  the  density  of  modes  due  to  the  electron-phonon 
interaction.  Interpretation  of  this  shift  is  facilitated  by  the  Introduction 
of  a  scattering  phase  shift.  The  behavior  of  this  scattering  shift  clearly 
indicates  the  presence  of  a  bound  state,  the  polaron,  and  a  resonance. 


We  develop  a  method  for  studying  the  coupled  system  of  conduction  electrons  and 
acoustic  phonons.  The  method  we  employ  has  been  used  previously  to  study  the 
coupled  system  of  conduction  electrons  and  optical  phonons1.  We  make  a  displaced 
oscillator  transformation  on  the  standard  Hamiltonian  and  treat  the  displacement 
which  is  a  real  even  c-number  of  k,  as  a  variational  parameter.  The  result,  upon 
substituting  the  value  obtained  for  d^  into  the  Hamiltonian,  is  H  “  HQ  +  , 


1  d  .2  .1  „  1 

____Mchx  +  -  H,  ^172 
8to  l  (pkp-k  +  *2V-k  -  |k|)‘ 


I  lkl\<«lkX  *  Pk) 


(1) 


This  Hamiltonian  is  the  basis  of  the  strong  coupling  perturbation  theory  we  pre¬ 
sent.  The  eigenstates  of  Hq  are  comprised  of  one  bound  state  and  a  continuum  orig¬ 
inally  analyzed  by  Yukon2 .  To  carry  out  this  perturbation  theory  we  expand  the 
eigenstates  of  H  in  terms  of  the  complete  set  u(x>  and  up(x),  |4>(x)>  ”  u(x)|p>  + 

£  Up(x)|$p>,  where  |p>  and  are  normalizable  phonon  state  vectors.  We  do  not 

present  the  general  method  to  determine  theme  state  vectors  to  arbitrary  order  in 

-1  -1  3 

a  but  rather  to  one  high  power  lr  a  then  the  strong  coupling  limit  .  This  method 

generates  an  effective  phonon  Hamiltonian,  R^,  involving  only  the  phonon  degrees  of 
freedom,  of  the  form  Hph  |+>  «  E  |+>.  Explicitly  we  calculate  this  phonon  Hamilton¬ 
ian  with  the  result 

*Present  address  :  Parkin- Elmer  Corporation,  Main  Avenue,  M/S  409,  Norwalk,  CT  06856 
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Hph  “  -  6  +  l  (V- k  +  [,  *kk-V-w  •  |k|)’  \k*  ■  |kk,>  (6kk-  -  and 

Vkk'  “  I  2  *ech  §  <P"k)  *<‘ch  §  (P-k')-  (2) 

1  P  (P2+D2  2  opt 

By  writing  the  phonon  Hamiltonian  in  this  form,  we  can  identify  V^,  as  the  matrix 
element  that  appears  in  the  optical  phonon  model. 

The  lattice  we  consider  has  a  large  number  of  sites  H,  therefore  R^,  can  be 
thought  of  as  an  NxN  matrix  with  N  real  eigenvalues  ft*  and  eigenvectors  g^.  Intro¬ 
ducing  the  Hermitean  operators  •  £  g^q^,  ^n  "  ^  ®kn  ^k*  H*  can  ca,t  Hpj,  *n  the 
diagonal  form  k 

v-i+sfelj  +  ^kj]-  (3) 

It  can  be  shown  that  one  of  the  elgenfrequenciea  vanishes  and  that  the  corresponding 


mode  ia  a  translation 

a  —  /on  ,-1/2 

/O  « 


If  we  further  Introduce  phonon  annihilation  operators 


(fi  n  +  i  £  ),  (n  4  1);  [A  ,A' ]  -  6  , 

n  n  n  n  a  nn 


we  can  write 


H  h  “  "  7  +  +  l  a+A  fi  +  \  l  fi  -  j  I  |k|l  ,  (5) 

ph  6  2m*  Aral  nnn  2  “  n  2  £  1  J 

where  II  is  the  generator  of  translations.  The  physical  model  this  effective  Hamil¬ 
tonian  describes  is  that  of  a  free  polaron,  the  acoustic  deformation  polaron,  of 

2  2  2  2 

mass  m*  given  by  m*  »  4wa  Y  k  dfm  «  -r  (Aira)  m  and  free  phonons  with  frequencies  fi  . 

“  ^  3  n 

The  spectrum  of  modes  in  the  presence  of  the  electron-phonon  Interaction  is  the 


same  as  the  unperturbed  spectrum.  The  quantity  of  interest  is  the  shift  in  the  den¬ 
sity  of  vibrational  modes  A(tu)  given  by  A(w)  “  £  6 (to  -  fi  ),  fi  >  0,  in  terms  of  the 

n/1  n  n 

unknown  modes  of  the  deformed  lattice.  To  calculate  the  density  of  modes  we  define 


5/1  n  n  - 

unknown  modes  of  the  deformed  lattice.  To  calculate  the  density  of  modes  we  define 
a  retarded  Green's  function  0^,(0  and  its  Fourier  transform  Gkk'  (t).  The  density 
A(m)  is  given  by  A  (to)  -  —■  J  1m  G^k(to) ,  in  terms  of  the  non-interacting  wave  vectors 
k.  We  further  Introduce  a  continuum  scattering  amplitude  T(k,k'  ,u>)  in  terms  of  which 
the  shift  generated  by  the  electron-phonon  interaction  ft(u>)  can  be  written 

A(w)  -  i  /"dk  ImT(k,k;co)  -J-  -* - - - J  .  (6) 

*  1  **  kz  -  (un-in)  _| 


In  the  Born  approximation  in  the  continuum  limit,  T(k,k'(u)  is  replaced  V(k.k') 
and  Eq.  (6)  becomes 

A«o)  -  *,(»>  =  ^  •  (7) 

The  result  is  plotted  in  Fig.  1.  The  shift  in  the  density  of  modes  in  this  approxi¬ 
mation  has  the  behavior  m 

Agfa))  -*■  0(w2),  it)  0;  0(w”2) ,  <*>-►«*>*  ^jku  “  0.  (8) 

As  a  result  of  the  high  frequency  behavior  of  A^u),  the  shift  in  aero  point  energy 
diverges.  This  divergent  contribution  is  given  by  “  -dome2  ta(h  ts^^/ms2) 

which  ia  the  result  of  kafarenca  (1). 

To  facilitate  calculation  of  A(*i)  without  approximation  we  first  write  in  matrix 
notation  V  -  BBT  (T  -  transpose).  If  we  define  a  matrix  B(w)  by  the  xeUtipn  R(w)  - 
B*1  T(u)  (BX)-1,  then  the  shift  in  the  density  of  modes  can  be  cast  in  the  fern 
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A(<o)  ■  -  I*  Tr  R  (u)  R(u>).  Further  we  can  obtain  an  even  simpler  expression  for 

the  shift  A(u>)  ■  |  ^  6(a)) ,  where  6(u>)  and  R(o>)  are  related  by  det  R(u))  -  r(w)e*'®^ 
(r(u>)  real).  Gaussian  quadrature  has  been  used  to  compute  6 (to) ,  which  is  plotted  in 
Fig.  2.  The  full  shift  in  the  density  of  modes  exhibits  the  behavior 
f°  dot  A  (to)  -  [  6(«)  -  6(0)  ]  /tt  »  -1  (9) 

— CO 

which  Is  analgous  to  Levinson's  theorem  in  potential  theory  in  the  presence  of  a 
bound  state.  The  absence  of  one  vibrational  mode  (the  translational  mode)  results 
in  a  depletion  of  modes  concentrated  at  zero  frequency,  with  lesser  depletion  at 
higher  frequency. 

The  phase  shift  does  not  fall  aonotonically  to  zero  as  it  would  in  the  presence 
of  a  bound  state  alone.  In  fact,  the  shift  rises  abruptly  at  w  0,5,  reaches  a 
maximum  at  w  K  1,  and  falls  monontonically  to  zero  thereafter.  This  behavior  sug¬ 
gests  the  presence  of  a  resonance  aa  well  as  a  bound  state.  The  enhancement  occurs 
naturally  at  wavelengths  comparable  to  the  size  of  the  polaron.  These  "resonating" 
phonons  interact  most  strongly;  hence  they  are  lowered  in  frequency  the  most.  As  a 
result,  we  observe  a  bunching  of  phonon  modes  slightly  below  (o  "  1. 


Fig.  1:  The  shift  In  density  of  modes  Fig.  2:  The  phase  shift  6 (ui)  h 

versus  w.  Dashed  curve  is  Born  approx. ,  versus  u>. 

solid  without  approx. 


Finally  we  calculate  numerically  the  shift  in  zero  point  energy  resulting  from 
the  shift  in  the  phonon  density  of  modes.  Using  this  result,  we  can  write  the 
ground  state  energy  m omen tun  relation  at  low  p  in  dimensional  units  in  the  form 


(1)  G.  Whitfield  and  P.B.  Shaw,  Phys.  Rev.  Bid,  3346  (1976). 

(2)  S.F.  Yukon,  Ph.d.  Thesis  (Brandels  University,  1968). 

(3)  P.B.  Shaw  and  E.  Young,  Phys.  Rev.  B,  to  be  published. 

(4)  N.L.  Coldbetger  and  E.N.  Watson,  Coliiaon  Theory  (John  Wiley  and  Sons,  Inc., 
Raw  York,  1964). 
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GAPS  IN  PHONON  DISPERSION  CURVES  FOR  SUBSTITUTIONAL  ALLOYS 

A.  Czachor 

Institute  of  Nuclear  Research,  Sitierk,  Poland. 

Abstract.  -  Neutron  inelastic  coherent  scattering  (NICS)  crossection  for 
alloy  crystals  often  show  multipeak  structures  and  very  low  intensities 
between  the  peaks,  the  effects  hardly  within  the  reach  of  the  CPA  predic¬ 
tions.  It  is  shown,  on  the  example  of  the  force-defect  linear  chain,  that  the 
average  local -information  transfer  approximation  (AL1TA)[3]  leads  to  such 
effects . 

In  order  that  the  potential  energy  be  invariant  with  respect  to  an  uniform  transla¬ 
tion  of  a  solid,  the  self-force  matrix  must  be 

h  -  -I  b  > 

where  is  the  force  matrix  between  lattice  sitesT  and  f \ 

Let  us  consider  a  substitutional  alloy  with  two  components  A,  B  in  concen¬ 
trations  1  -c,  c.  Except  in  the  additive  limit  £ljf  it 

is  difficult  to  fully  incorporate  the  fundamental  condition  Cl)  into  the  CP  A- type 
theories  of  disordered  alloys  [zl.  On  the  other  hand  the  ALITA  [^J,  being  rather 
crude  in  the  decoupling  procedure  used  to  obtain  the  displacement-displacement 
Green  s  function  G„«  (t-Y)  «  ^Cu.  (t)  ,  accounts  exactly  for  the  transla- 

tional  invariance.  With  the  locator  L 

where  is  a  quasimass  at  the  site  1  /in  general  complex/  and  6)  is  a  frequency. 
The  time  and  space  Fourier  transform  of  the  configuration  average  of  the 
2, <S_,>-n mlZf  tuT'i.r  ,  has  here  the  form  [3,  4J 

<<?($.•)>  =  [»  M*W  -  $*(«)]’* , 

where  M«"  <LM>,  ^  .'^L  >‘l  <(t^>  ,  <(L  ^>- 

tr  |f  f  l  ,  <lM>  -  N‘l  fcjtj  ^  ,  <t  >  -  N-1 11T1  . 
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The  ALITA  correctly  predicts  the  dispersive  local-mode  branches  and  the  in-band 
phonon  frequency  shifts  for  light  impurities;  for  the  heavy  ones  it  leads  to  gaps  in 
phonon  spectra;  usually  the  results  appear  in  close  analytic  form.  To  give  an 
example,  Fig.  1  shows  the  mass-defect  splitting  in  the  foil]  T  phonon  branch  for 

^.965^.035 


Fig.  1.  Gap  in  the  [001]  T  phonon  branch  of 
A1  ^gjAg  -  experimental  data  [?]  and  two 
ALITA  fits  [4].  Dashed  line  *  dispersion  in  pure 
Al. 


The  experimental  N1CS  profiles  usually  show  two  peaks,  but  with  a  struc¬ 
ture  superimposed,  which  may  be  not  due  to  experimental  scatter  -  see  data  for 
Rb  71K  [5]  ;  the  valley  between  the  peaks  is  often  deep -and  sharp  -  see  data 

for  Ni  Pt  -  |6J ,  Qualitatively,  such  features  are  typical  to  the  ALlTA-plots; 
the  CP  A- approaches  so  far  gave  at  most  two  smooth  peaks  with  a  rather  shallow 
minimum  between  them  [l,  2,5] . 

To  show  it  clearly,  we  shall  examine  within  ALITA  a  simple  system  -  the 
one -dimensional  force-defect  £ ase;  one  can  calculate  here  the  Green’s  function  (3) 
analytically  at  arbitrary  concentration  c.  It  is  the  two-species  ltnear  chain  of 
identical  masses  and  different  coupling  between  different  species  (nearest  neigh¬ 
bours  only)  :  •  1/  -  1  (l”  A)  ,  M-l,  where  A  is  the 

force  defect.  Eight  3-particle  configurations  pertinent  to  the  case:  AAA,  AAB, 

3  \2  3 

...  BBB,  weighted:  (l-c)  ,  (l-c]  c,  ...  e  ,  respectively,  provide  8  contri¬ 
butions  to  the  averages  in  eqn  3  .  With  the  notation:  r  »  (l-c)  c, 

M  ,  the  "dispersion  relation"  »  0  takes  the  form 


\  s  t  aovn*  XOM 


4 


showing  two  force -defeat  gaps  about' the  frequencies,  af  sAich  there  appear  the 
poles  of  the  locators,  corresponding  to  the  local  configurations  with  one  and  two 
differdat  neighbour^,  6tae  should  note,  that  with  more  distant  interactions  and  with 
a  higher  dimensionality,  a  number  of  different  Vocal  configurations  and  locators 
would  be  greeter  -  there  would  be  more  gaps,  and  a  multipeak  structure  in  neutron 
scattering. 
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To  introduce  finite  widths,  let  us  put  M-*  M  (l+i  aj  .  The  N1CS  cross  sec¬ 
tion  is  proportional  to  ImG  and  we  have 

-ZlLm  - g)»  4 dvll  '  5 

with  B  =  J  sin^q/X'  2(*>  .  Fig.  2  shows  this  function  for  several  wavevectors  and 
0(=  .05,  whereas  Fig.  3  shows  the  effect  of  broadening  of  the  NICS  peaks,  when 
6L  increases.  We  can  see  that  the  broadening  is  practically  the  one-side  effect  - 
in  the  gap  regions  the  intensity  is  always  extremally  low. 


1'<u, 


Fig.  2.  Phonon  dispersion  in  the  force-  Fig.  3.  Study  of  the  peak  broadening  in 
defect  (A * .5)  linear  chain  at  three  the  q«.4qmax  NICS  profile  from  Fig.  2, 

q- values,  and  the  NICS  profile  a  in  the  as  a  function  of  parameter  C(-.l  - 

AUTA  quesimasa  scheme:  el-to»M-. 05.  heavy  line,  .2  -  dashed,  .4  -  dotted. 


The  ALI,TA  calculations  for  3-dimensions  clearly  lead  to  similar  features: 
multipeak  NICS  structures  and  low  intensity  between  the  peaks.  Qualitative  corre¬ 
lation  of  thp  predicts#  trends  with  the  experimental  findings  emphasises  the  crucial 
role  of  the  condition  (l)  in  the  theory  of  dynamics  of  disordered  systems. 
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HYBRIDIZATION  OF  THE  TWO-PHONON  BOUND  STATE  WITH  THE  LOCAL  MODE  IN 
IMPERFECT  CRYSTALS 

S.N.  Behera  and  Sk.  Samsur 

Institute  of  Physios,  Bhubaneswar-7 51007 ,  India. 


Abstract.-  The  possibility  of  the  hybridisation  of  a  tvo- 
phonon  bound  state  with  an  impurity  local  mode  in  an  enharmonic 
lnperfect  crystal,  is  demonstrated.  The  one-phonon  density  of 
state  around  the  local  mode  frequency  shows  the  two  peak  struc¬ 
ture  because  of  this  hybridization. 


1.  Introduction  .  -  Recently  it  has  been  shown  that  two-phonon  bound 
states  could  exist  in  enharmonic  inperfect  crystals.1  which  can  be 
detected  in  either  the  second  order  infrared  or  Raman  spectra.  However 
these  can  as  well  be  seen  in  the  first  order  spectrua.  through  their 
hybridisation  to  suitable  single  phonons2.  Evidence  in  support  of  this 
has  been  reported  in  the  literature3.  Li$>t  mass  substitutional  inpu¬ 
rities.  give  rise  to  local  modes  of  vibration  with  frequencies  higher 
than  the  maximum  allowed  phonon  frequency  of  the  host  lattice.  Hence 

a  two-phonon  bound  state  caused  by  the  enharmonic  interactions  (which 
falls  slightly  above  twice  the  maximum  allowed  phonon  frequency  of  the 
host)  can  hybridise  with  the  local  mode  provided  the  later  has  nearly 
the  same  frequency  as  the  former.  This  condition  can  be  achieved  by 
suitably  choosing  the  mass  of  the  substitutional  iapurity  atom.  In  the 
present  paper  we  report  the  calculation  of  the  one-phonon  density  of 
state  in  the  presence  of  such  hybridisation. 

2 .  Theory  .  -  The  enharmonic.  Imperfect  crystal  is  characterised  by  a 
model  Hamiltonian  with  cubic  and  quertlc  enharmonic  terms  with  coupl¬ 
ing  constants  V  and  &  respectively  and  the  substitutional  impurities 
which  are  isotopic  in  nature  are  described  by  the  mass  defect  para¬ 
meter  X  ■  (hi-M)/m1  *,  and  H  are  respectively  the  masses  of  the 
fcqmrlty  and  host  atoms,  furthermore,  the  iapurity  concentration  is 
assumed  to  be  low.  for  such  a  system  the  one -phonon  arson's  function 
satisfies  the  equation. 
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where 


=  in  C«>  +  £*l“>  X  (1) 

*  Vw)=  W>J2  VM.H^WVtnWui 
-  <*£(«)  H  +  3h^>“^ 

%)P<&  ~  ~  CTfX  Wk[i+TrXW"‘^ 

G£ C to)  -  (UkJtt)  [  (O1-  &i  ]_i 


(3) 

(4) 

ts) 


is  the  free  phonon  propagator  and  V(k,-k,p)  is  the  coefficient  of  the 
cubic  anbamonic  ten.  In  writing  eqn.<l)  it  is  essuswd  that  the 
guartic  enharmonic  term  siapiy  renomealises  the  phoncn  frequencies  to 
.  From  eqn. (l)  the  phonon  self  energy  ten  be  written  as' 

HIM)  =K/iO  [  i + t*CA, «)<»?<■# 


It  is  clear  from  eqna.(l)  and  (5)  that  the  phonon  eelf  energy  involves 
besides  the  lapurlty  contribution  ^(X>U)tlM  two-phonon  propagator 

(h5)  which  In  turn  carries  the  information  regarding  the  two- 
phonon'  bound  state  benefit  about  by  the  quart ic  anhansonic  interac¬ 
tion.  Because  of  our  interest  in  the  two-phonon  bound  state  the  later 
need  be  evaluated  siapiy  for  the  perfect  enharmonic  (quartic)  crystals. 
This  has  been  calculated  la  ref .1  (egos. (17) -(19)) and  we  shall  use 
that  result. 


Inorder  to  simplify  the  calculations  we  adopt  the  Einstein 


Oscillator  nodal  for  the  host  lattice  with  a  single  optical  phonon  of 
frequency  0\  •  bith  this  simplifying  approximation  the  ispnrity  local 


frequency  aa  calculated  from  sm.O)  turns  out  to  bo 


Wl’  <0,(1  -X) 


ST 


n> 


and  the  two-phonon  bound  state  frequency  la  given  by1 

’**“  T)  .  S<o./« 


the  later  being  evaluated  at  aero  t separatum.  She  diaeneionlese 
quartic  anbamonic  coupling  constant  S  being  a  well  quantity,  the 
bound  state  appears  Jest  above  2  0^  .  it  is  obvious  from  ega.(7)  that 

for  X  •  -3  i«e.  h/4*  the  local  nods  frequency  becomes  2CJ^t  thus 
giving  rise  to  the  possibility  of  its  hybridisation  with  the  two- 
phonon  bound  state. 


Sines  we  am  interested  in  the  one-phonon 


density  of  states 
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around  the  frequency  &JU  or  ,  the  Green's  function  of  eqn.(l)  and 

(6)  can  be  approximated  as 

<£ C*»  =  3TCJ0X>(^)  (10) 

where  _ ^  ^2 

lew)  =. (u-uixu1- •£()+ cl&£(<£-  <4o  -  V 

-i  i,  * <11) 

with  Y  —  V  /fS  •  Equating  D(tO )  -  0  one  obtains  the  two  hybridized 

frequencies  as  2. 

4  +  (cm+?2jfjyt[0ftt-2rj)CU|]  GJo} 

in  calculating  eqp. (12)  terns  of  order  ^are  neglected.  Making 
use  of  the  result  (12)  the  one-phonon  density  of  states  around  the 
frequency  2fc)0can  be  easily  shown  to  be 

ftcw)  =  B+  $(*-*!♦)+  B-SCa^d)-)  (13, 

h  "  [(CIX\  + ?2  )C »oV -2i|  )V2  ±  (6?  -  *P CowO^J 

8±  *  U  C5? +t|  +  CIAI  +V*  t{Cc7z-2^)ciAiiJ^4) 

Thus  we  see  that  there  will  be  two  peaks  of  isaequal  strength.  It  is 
obvious  from  e<pi.(12)  that  in  the  degenerate  case  of  Gd^-e-U^  the 
hybridisation  first  shifts  the  frequency  slightly  and  then  the  node 
splltts  symmetrical ly.  such  a  hybridisation  persists  even  When  the 
two-phonon  propagator  is  evaluated  for  the  inperfect  crystal.4 

3.  Discussion.  -  It  has  been  shewn  that  in  an  ‘enharmonic  crystal  con¬ 
taining  a  low  concentration  of  light  mass  substitutional  impurities  it 
is  possible  for  the  local  node  to  hybridise  with  the  two-phonoA  bound 
state  and  acquire  a  structure.  Such  hybridisation  can  be  best  observed 
in  iaperfect  ferroelectric  crystals,  because  of  their  strong  enharmo¬ 
nic  nature,  end  at  the  availability  of  a  soft  node  those  frequency 
decreases  with  teaperature  above  the  transition  t separatum.  Hence  the 
two-soft  node  bound  state  can  be  swept  across  the  local  node  to  hybri¬ 
dise  with  it. 
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ATTENUATION  OF  SECOND  SOUND  IN  SOLIDS 

K.  Weiss* 

Phxlipe  Research  Laboratories,  6600  HD  Eindhoven,  The  Netherlands. 


Abstract.  —  The  small-amplitude  plane-wave  solutions  of  the  Bolumann-Peierls  equation  for 
phonons  in  solids  are  classified  and  the  propagation  properties  of  second  sound  are  discussed  in  a 
simple  way.  Specifically  the  transition  (c.g.  with  rising  temperature)  from  the  case  where  momentum 
non-conserving  phonon  collison  processes  are  much  slower  than  the  N-processes  (second  sound 
regime)  to  the  case  where  the  U-processes  dominate  (heat  diffusion  regime)  is  examined  in  detail. 


0.  Introduction.  —  Second  sound  in  solids  [1  ]  is  a  density  wave  of  the  phonons  which  can  be  detected  as  a 
temperature  wave  propagating  through  the  sample.  It  is  not  easy  to  create  the  experimental  conditions  [21 
which  allow  these  observations  because  the  rate  of  phonon-phonon  collisions  which  conserve  momen¬ 
tum  and  energy  must  be  large  compared  to  the  frequency  (2  of  the  wave  (local  thermal  equilibrium)  while 
the  rate  of  the  collisions  which  do  not  conserve  these  four  quantities  must  be  low  compared  to  SI.  This 
“window  condition”  r^J  >Sl>  r  puts  rather  severe  restrictions  on  the  experimental  conditions:  the 
sample  must  only  contain  very  few  impurities,  dislocations,  etc.,  it  must  be  fairly  large  to  avoid  excessive 
boundary  scattering,  and  the  temperature  must  be  low  (but  not  too  low  because  otherwise  ballistic  propa¬ 
gation  results  in  a  pure  sample)  in  order  to  ensure  that  Umklapp  (U)  processes  are  much  less  frequent  than 
Normal  (N)  processes. 

The  consequences  of  this  last  condition  arc  the  topic  of  the  present  paper.  We  will  therefore  assume  that 
the  U-proccsscs  arc  faster  than  ail  the  other  dissipative  processes  which  we  will  ignore.  Our  discussion  will 
be  concerned  with  the  transition  (with  rising  temperature)  from  the  regime  where  r,J  >  fy  (second  sound) 
to  the  regime  ryj  (diffusion).  It  is  based  on  the  Boltxmann-Pcicrls  equation  [3]  in  the  relaxation  time 
approximation  to  which  we  will  apply  a  general  method  [4]  which  allows  the  small-amplitude  plane-wave 
solutions  of  such  an  equation  to  be  classified. 

1.  The  Inltrmq—  Metis  Eqaadnn  hi  Itainxethm  Time  Approximation.  —  In  the  absence  of  external  foccs 
the  kinetic  equation  for  phonon*  with  group  velocity  vfp )  -  de/d p  (c  *  phonon  energy )  in  a  pure  and  large 
crystal  in  the  relaxation  time  approximation  is  [S  | 

<!r  ^  <«?>  -  fL,U<P»-  (1) 

and  ft.t arc  the  local  equilibrium  distribution  functions  towards  which  f(p )  develops  as  a 
function  of  time  in  the  two  limiting  cases  that  all  coHinens  conserve  momentum  and  energy  (N)«  energy 
only  (U).  They  are 

•  ham  addreei:  HU.1T  A.G.  PL-9494  Schaan,  FQrstewuin  Liechtenstein. 
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fL,N<P)  =  <exPl(«-?’^(^.t)VI<BT1(x',t)]-  l)'1  (2) 

and 

fL,U<?)=(exPle/kBT2^-tH~  l)'1  (3) 

Here  Tj(?,t)  and  T2(j?,t)  are  the  local  temperatures  in  the  two  cases  and  ifCx\t)  is  the  local  drift  velocity 
established  in  the  case  that  only  N-processes  are  driving  the  system  towards  equilibrium.  The  relaxation 
times  rN  and  f(j  are  assumed  not  to  depend  on  the  phonon  energy  and  we  wilt  restrict  the  discussion  to 
phonons  of  one  polarization.  At  the  end  we  will  comment  on  both  of  these  assumptions. 

The  five  unknown  local  parameters  Tj,  T2,  and  Tf  (the  hydrodynamic  variables)  can  be  determined  for  a 
given  f(j?)  from  the  five  conservation  laws  which  must  be  imposed  on  the  collision  terms.  If  we  define  for 
any  function  g(p)  the  average 

<g>=(2*h)J /dJpg(p) 
these  conservation  laws  can  be  written  as 

<^-(f-fL,N)e>  =  <^-(f-fL.N)P  >  =  0  and  <  ^-(f~  fL,u>«  >  =  0  (4) 

In  what  follows  we  will  be  interested  in  small-amplitude  plane-wave  solutions  about  total  equilibrium  f0(p) 
with  (complex)  frequency  SI  and  real  wave  vector  and  we  will  restrict  the  discussion  to  the  hydrodynamic 
regime,  i.c. 

I  tllr  <land  Kv  r<l  with  r'1  +  r,J  (5) 

where  v  =  <  vf0>  /  <f0>  is  the  mean  phonon  velocity. 

After  expanding  the  hydrodynamic  variables  about  their  total  equilibrium  values  we  are  now  ready  to  apply 
the  classification  scheme  of  Ref.  4  to  discuss  the  physical  properties  of  the  solutions  of  F.q.  (1)  as  the  ratio 
rN/ru  varies  from  values  much  smaller  than  one  to  very  large  values. 

2.  Transition  from  second  sound  to  die  diffusive  regime.—  As  shown  in  Ref.  4  the  relevant  information 
needed  to  interpret  the  modes  resulting  from  an  analysis  of  the  Boltzmann  equation  as  sketched  in  the  pre¬ 
vious  section  is  the  number  of  collisional  invariants,  i.e.  conserved  quantities  belonging  to  the  fastest  relax¬ 
ation  mechanism.  If  r',}  ►r'y  this  number  is  four  and  therefore  the  analysis  in  Ref.  4  implies  that  four  of 
the  five  nontrivial  solutions  belonging  to  the  frve  conservation  laws  Eqs  (4)  arc  compatible  with  the  con¬ 
ditions  of  Eqs  (5).  The  fifth  solution  belongs  to  a  collisional  mode  which  implies  that  Tj(?,t)®  T2(?,t)  on 
a  time  scale  r  s  rN  which  is  must  faster  than  the  time  scale  of  the  hydrodynamic  modes.  Solving  the 
fourth  order  polynomial  for  the  four  solutions  to  second  order  in  The  small  quantities  of  Eqs  <S)  yields  two 
purely  damped  transverse  modes  and,  more  interestingly,  the  two  propagating  damped  second  sound  modes 
16,7] 

n  =  IJ0(±l+|i-n0rN+i-s^-)  (6) 

where  ft 0  =  KtVT  and  c  is  the  velocity  of  ordinary  sound.  The  damping  is  seen  to  consist  of  two  contribu¬ 
tions:  the  first  occurs  because  die  rate  at  which  the  N-processes  establish  local  equilibrium  is,  of  course, 
not  infinite  white  the  second  one  it  due  to  the  U-proeesset  which  tend  to  destroy  the  collective  (oscillating) 
drift  velocity  because  they  do  not  conserve  momentum.  Both  contributions  are  small  compared  to  one  and 
a  weakly  attenuated  second  sound  wave  results. 
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As  the  temperature  of  the  sample  is  increased  the  rate  of  U -processes  increases  much  faster  than  the  rate  of 
N-processes.  Therefore  as  becomes  of  the  same  order  as  rN,  the  damping  (j-  (Hqt)'1)  becomes  compa¬ 
rable  to  the  velocity  (which  is  lower  in  this  case)  of  the  strongly  damped  wave.  At  still  higher  temperatures 
we  have  r'y  >  and  only  one  (i.e.  the  number  of  collisional  invariants  of  the  U-processes)  of  the  five 
solutions  remains  compatible  with  the  conditions  (5).  The  other  four  solutions  imply  (on  a  time  scale  of 
the  order  of  Ty  <ft'1 )  Tj  (it, t)  =  Tj(?.t)  as  before  and  in  addition  if(?,t)=  0,  which  is  plausible  from  the 
physics  involved.  The  only  remaining  solution  describing  a  collective  mode  is 

=  u  (7) 

1. e.  a  purely  diffusive  mode  in  the  phonon  gas:  heat  diffusion  in  the  crystal. 

Concluding  Remarks.  —  We  have  made  two  assumptions  which  are  not  in  fact  necessary  for  the  argument  as 
we  have  developed  it:  we  have  considered  phonons  of  only  one  polarization  and  relaxation  times  which 
were  independent  of  the  phonon  energies  (and  of  the  polarization,  of  course).  Dropping  these  assumptions 
still  allows  to  carry  the  argument  through,  and  as  far  as  phonons  of  more  than  one  polarization  are  con¬ 
cerned  earlier  results  (obtained  by  different  methods)  are  reproduced  (1,6,7). 

Admitting  energy  dependent  relaxation  times  introduces  the  interesting  possibility  of  time-dependent  local 
equilibrium  distribution  functions  (4)  but  does  not  change  the  classification  of  the  modes  as  given  in  this 
paper. 
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INTERPRETATION  OF  EXPERIMENTS  IN  THE  SOLIDON  MODEL  FOR  ROTONS 
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France. 

Abstract  -  A  roton  in  superfluid  Helium  can  be  described  as  a 
phonon  self-trapped  in  a  region  possessing  the  translation  symme¬ 
tries  of  the  metastable  solid.  This  picture  can  account  for  va¬ 
rious  experimental  data,  such  as  the  roton  wavevector  in  bulk 
Helium  II  and  Helium  films,  the  temperature  dependence  of  the  ro¬ 
ton  gap,  the  roton-roton  collision  time. 

It  has  been  shown  recently  that,  under  certain  conditions,  a 
longitudinal  phonon  in  a  quantum  liquid  can  be  self-trapped  in  a  region 
of  the  liquid  possessing  the  translation  symmetries  of  the  metastable 
solid  (1) .  The  first  condition  is  a  favourable  balance  between,  on  the 
one  hand,  the  phonon  energy  lowering  at  a  wavevector  belonging  to  the 
reciprocal  lattice  of  the  solid,  and,  on  the  other  hand,  the  phonon 
localization  energy  within  the  "solid-like"  volume  and  the  formation 
thermodynamic  potential  of  this  volume.  (In  principle,  volume  and  sur¬ 
face  terms  are  to  be  included.  Another  condition  for  the  existence  of 
a  well-defined  self-trapped  excitation  is  a  large  enough  lifetime. 
Helium  II,  which  is  a  "nearly  solid"  quantum  liquid  (2)  (first  condi¬ 
tion)  and  superfluid  (second  condition)  is  a  good  candidate.  This  pic¬ 
ture,  given  as  an  example  of  collective  excitation  self- trapping,  led 
to  a  new  description  of  the  roton,  seme what  analogous  to  the  Feynman's 
vortex  ring  (3) ,  but  with  a  large  "solid-like"  core  in  which  the  atoms 
undergo  a  translation  motion.  At  present  time,  this  model  (the  "solidon 
model")  seems  to  give  the  best  account  for  various  experimental  data. 

A  very  simple  variational  procedure  gives  the  roton  gap  by  minimi¬ 
zation  of  the  solidon  free  energy  with  respect  with  the  number  of 
atoms  involved  in  the  core  radius  N.  Three  terms  are  to  be  included  : 
the  phonon  localization  energy  q2/2Nm  (the  "recoil”  energy) ,  where  a 
is  the  atomic  mass,  and  q  the  wavevector,  the  solidification  free  en¬ 
thalpy,  proportional  to  N,  and  the  surface  tension  %  nV*. 

Near  enough  to  the  solidification  curve,  the  interface  energy  term 
predominates.  A  good  estimate  of  the  roton  gap  at  low  temperature  can 
be  obtained,  simply  from  the  knowledge  of  the  solid-liquid  surface 
tension.  The  corresponding  values  of  N  range  from  25  to  40  depending  on 
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the  pressure. 

The  gap  is  now  a  thermodynamic  quantity  which  can  vary  with  tem¬ 
perature,  even  in  the  case  of  independent  rotons.  (In  the  Feynman  model, 
the  temperature  dependence  comes  only  from  the  roton-roton  interactions 
and  seems  to  be  weaker  than  observed  experimentally) .  In  fact,  the 
temperature  dependence  due  to  the  variation  of  the  solidification  free 
enthalpy  is  weak.  A  larger  effect  is  obtained  when  one  takes  into 
account  the  entropy  flow  associated  with  the  atom  dynamics.  This  entro¬ 
py  flow  is  necessary  to  preserve  entropy  conservation  because  the  solid 
and  liquid  phases  have  different  entropy,  particularly  at  temperatures 
above  1  K.  Because  the  momentum  of  this  flow  depends  on  temperature, 
so  does  the  roton  gap.  Then  a  good  agreement  with  the  observed  varia¬ 
tion  of  the  roton  gap  is  obtained. 

An  important  prediction  of  the  model  is  the  roton  wavevector  :  it 
should  correspond  to  the  shortest  reciprocal  lattice  wavevector  of  the 
metastable  solid  with  the  lowest  free  enthalpy.  Both  surface  and  vo¬ 
lume  enthalpy  terms  are  to  be  included  in  determining  this  lattice. 

This  property  is  an  essential  and  simple  feature  of  the  model.  In  bulk 
Helium  II,  at  low  pressure,  where  the  volume  term  predominates,  the 
metastable  solid  with  the  lowest  volume  free  enthalpy  has  a  b.c.c. 
lattice.  This  is  no  longer  true  near  the  solidification  curve  at  low 
temperatures  (the  lowest  volume  free  enthalpy  lattice  is  h.c.p.),  but 
in  these  conditions  the  interface  energy  term  predominates  and  the 
lowest  solid-liquid  surface  tension  is  obtained  for  a  b.c.c.  lattice. 
Therefore,  one  expects  a  solidon  core  with  a  b.c.c.  structure  at  any 
temperature  and  at  any  pressure.  Indeed,  the  observed  roton  wavevector 
agrees  well  with  this  prediction. 

Thin  Helium  films  exhibit  a  roton-like  excitation  at  a  wavevector 
q  =  2  A-1  (4),  much  larger  than  expected  in  the  Feynman  model  (5).  In 
our  model,  two  interpretations  are  possible.  In  the  first,  the  excita¬ 
tion  is  a  solidon  bound  state  at  the  solid-liquid  interface,  due  to 
image  forces,  stable  because  of  the  finite  size  of  the  solidon  core. 
Then,  q  should  correspond  to  a-  b.c.c.  lattice  distorted  by  the  van  der 
Waals  attraction  to  the  substrate.  In  the  second  interpretation,  the 
excitation  is  a  truly  two-dimensional  roton.  Then,  q  should  correspond 
to  the  metastable  2  D  triangular  lattice.  Both  interpretations  give 
about  the  same  values  for  q,  in  agreement  with  experiment. 

If  the  roton  velocity  field  was  a  perfect  dipolar  field,  the  dis¬ 
persion  curve  should  be  phonon-like  at  any  wavevector.  The  roton  mini- 
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mum  at  a  wavevector  q  shows  the  existence  of  a  finite  size  core,  with 
a  radius  of  order  2ir/q,  in  agreement  with  the  previous  estimate.  This 
departure  from  the  dipolar  behaviour,  noted  by  Castaing  and  Libchaber 
(6)  in  the  roton-roton  interaction  potential,  should  exist  also  in  the 
velocity  field  of  a  single  roton.  Roton-roton  scattering  can  provide  a 
test  of  the  model.  According  to  various  experiments  (see  references  in 

(6) ),  the  roton-roton  collision  frequency  can  be  written  trr-1  *  BnR. 
nR  is  the  thermal  roton  density  and  B  =  1.7  x  10-10cm3/s  (7).  The  con¬ 
tribution  of  the  dipolar  backflows  to  the  collision  frequency  is  small 

(7)  .  Assuming  a  large  core  size,  the  interaction  is  written,  in  the 
hydrodynamic  approximation  as  a  core-core  interaction.  Using  the  Lipp- 
man-Schwinger  method,  the  solidon  core  radius  R  is  determined  from  B. 

We  find  R  ■-  7.5  A  at  25  bars,  i.e.  about  35-40  atoms  in  the  core. 
Castaing  and  Libchaber  (6)  calculation  also  fits  the  data.  In  fact, 
their  theory  is  consistent  with  our  model  since  they  arrive  to  a  roton- 
roton  interaction  non  dipolar  at  distances  shorter  than  2ir/q. 

These  ordered  "grains"  may  have  been  observed  in  neutron  experi¬ 
ments  (8) .  A  new  structure  was  observed  in  the  structure  factor  below 
the  A  transition,  consisting  of  a  single  peak  at  about  2  A*1  momentum 
transfer.  The  intensity  of  this  peak  increases  as  approaches  T^  or 
when  the  pressure  is  increased,  it  is  tempting  to  ascribe  these  effects 
by  a  larger  number  of  excited  rotons  (with  their  cores  modulated  at 
q  -v  2  A-1),  when  T  increases  or  when  the  roton  gap  decreases  with 
applied  pressure. 

1)  M.  Hfiritier,  G.  Montambaux  and  P.  Lederer,  J.  Phys.  (Paris) ,  40, 

L.  493  (1979). 

2)  B.  Castaing  and  P.  NoziSres,  J.  Phys.  Paris,  4K),  257  (1979). 

3)  R.P.  Feynman  and  M.  Cohen,  Phys.  Rev.  102,  1189  (1956). 

4)  W.  Thomlinson,  J.A.  Tarvin  and  L.  Passell,  Phys.  Rev.  Letters,  44, 
266  (1980). 

5)  W.  GOtze  and  M.  Lucke,  J.  of  Low  Temp.  Phys.,  25,  671  (1976). 

6)  B.  Castaing  and  A.  Libchaber,  J.  of  Low  Temp.  Phys.,  31^,  887  (1978). 

7)  F.  TOlgo,  Nuovo  Cimento,  62B,  103  (1969). 

8)  B.  Mozer  and  B.  Le  Neindre,  Proceedings  of  the  E.P.S.  Conference, 
Haifa  (1974),  p.  63. 


JOURNAL  DE  PHYSIQUE 

Collogue  C6,  supplement  au  n°  IS ,  Tome  42,  dAcembre  1981 


page  C6-537 


SIMULATION  OF  LONG- WAVE LENGTH  OPTICAL  PHONONS  BY  GENERALIZED  INTERNAL 
STRAINS 

+ 

E.M.  Aoftstasaakis  and  M.  Cardona 

national  Technical  University,  Athena,  Greece. 

*  Max-Planck-Institute  for  Solid  State  Research  Stuttgart,  F.R.G. 

Abstract . -  A  generalized  external  force  applied  to  a  crystal  can 
introduce  new  atomic  position  parameters  known  as  internal 
strains.  Each  internal  strain  may  be  looked  as  a  "frozen"  q  =  0 
optical  phonon  of  appropriate  symmetry.  Explicit  forms  can  be 
worked  out  for  the  internal  strains  produced  by  any  type  of  force 
and  crystal  class.  Related  crystal  parameters  can  be  determined 
in  any  case  with  X-ray  diffraction  techniques. 

The  concept  of  internal  strain  will  be  generalized  to  include  all 
possibilities  of  microscopic  relative  displacements  of  the  various 
Bravais  sublattices  which  are  produced  by  any  type  of  external  force 
F.  When  F  is  applied  to  the  crystal  a  macroscopic  strain  q  may  be  pro¬ 
duced.  The  mechanism  which  produces  t|  depends  on  the  nature  of  F  [e.g. 
piezoelectricity  (electrostriction)  when  F  is  an  electric  field  E  in 
first  (second)  order,  piezomagnetism  (magnetostriction)  when  F  is  a 
magnetic  field  H  in  first  (second)  order,  etc].  Because  of  F  the  kth 
atom  in  the  1th  cell  moves  from  its  initial  position  r(>,  to  a  new  one 

s '(1*qKk+uk  (1) 

The  first  term  is  the  macroscopic  contribution  t->  r;,»  while  the  second 
term  (u«)  represents  a  microscopic  strain  due  to  F.  It  is  the  same  for 
all  atoms  of  type  k  in  the  crystal,  i.e.,  it  represents  a  microscopic 
displacement  of  the  entire  kth  Bravais  sublattice  and  as  such  it  con¬ 
stitutes  an  Internal  strain1.  Both  terms  in  (1)  depend  on  the  symmetry 
of  the  crystal  independently  of  each  other. 

There  are  3(N-1)  different  sublattice  displacements,  where  N  the 
no.  of  atoms  per  unit  cell.  3(N-1)  also  gives  the  no.  of  q  «  0  optical 
phonons  of  the  crystal.  The  normal  coordinate  u^  of  the  phonon  j  and 
the  internal  strains*  (or  u^  x,  X=x,y,z)  are  qualitatively  similar  in 
the  sense  that  both  represent  sublattice  displacements  and  transform 
alike  under  the  crystal  symnetry  operations.  When  "frozen"  each  phonon 
will  look  exactly  like  one  of  the  e*s.  The  symmetry  of  u^  will  deter¬ 
mine  the  type  of  F  which  is  necessary  to  produce  its  internal  strain 
u* .  This  symmetry  is  described  by  one  of  the  point  group  irreducible 
representations  r( j) .  Thus  r(j)s  r(ufc) .  The  various  r(j)*s  are  obtai- 

*  Partial  support  by  the  National  Research  Counsil  and  by  the  Research 
Committee  of  the  Technical  University  of  Athens. 
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ned  from  the  reduction  of  ropt,  the  reducible  reD  of  the  most  general 
displacement  of  the  q  =  0  optical  phonon  of  the  crystal. 

The  connection  between  F  and  u,  is  derived  thermodynamically.  Let 
t  be  the  intensive  parameter  which  corresponds  to  F.  (  F  is  treated 
as  an  extensive  parameter2) .  To  first  order  of  u„  we  can  write 

F=  G  .  u„  or  t  =  g  .  u„  (2) 

This  results  in  a  contribution  to  the  internal  energy  of  the  crystal 

6U<k>  =  F-f  “  F  •  g  •  uk  =  9y,x  Fy  «k,X  (3) 

where  u  may  be  a  composite  index.  Since  6u(k)  is  a  scalar,  the  only 

products  F^uk  ^  entering  (3)  are  those  which  transform  like  scalars. 
Itois  allows  one  to  determine  the  type  F  necessary  to  produce  a  speci¬ 
fic  u,  and  vice  versa.  The  criterion  is  that  r(j),  or  r(uk),  be  inclu¬ 
ded  in  the  reduction  of  r(F)  at  least  once,  in  general  n^  times.  The 
number  n^  indicates  the  number  of  independent  components  of  the  ten¬ 
sor  coefficient  g  .  The  form  of  g  .is  identical  to  that  of  known  mo- 
3  V  » x 

de  coefficients  .  Typical  examples  for  various  forces  are  given  next. 

1 .  Electric  field  E .  The  reduction  r(E)  includes  only  IR-aetive  pho¬ 
nons.  Eq. (3)  yields  g  ■  02U*k*/3E  3u.  ,),  i.e.,  g  ,  transforms  like 

U»X  ,** 

the  phonon  effective  charge  tensorJ  e<j^  *  Oz0'3' /3£^3u^  ^) . 

2 .  Elastic  stress  or  Btrain  n »  The  reduction  r(n)  includes  only  Raman- 

active  phonons  in  symmetric  scattering3,4. Since  g  ,  =  (32u^k)'3n  3u,  ,) 

po  j  ^  ^  p  p  k  j  A 

it  transforms  like  the  Raman  tensor  1“  0*u(j)/d6  dfe  du.  ,)• 

pc  9  A  vp  C  3  » A 

3.  Electric  field  gradient  V  E  =  (3E  /3x  ).  The  reduction  r(VE)  inclu- 

- — — - -  p  0  o  p 

des  only  Raman-active  phonons  in  non-syrametric  scattering. g  trans- 

J  CP  ,  A 

forms  like  the  non-symmetric  Raman  tensor  . 

4 .  Strain  gradient  ^pT1(JT.  The  reduction  of  r(Vg)  is  the  same  as  that 

of  the  piezo-electric  tensor,  g  ,  transforms  like  the  electric 

,  otp.X 

field-induced  Raman  tensor  . 

5.  Hydrostatic  pressure  P.  The  reduction  r(P)  coincides  with  A] ,  the 
totally  symmetric  rep.  Hence  there  are  as  many  internal  strains  ut  pro¬ 
duced  by  P  as  the  number  of  phonons  Ai .  This  also  is  the  same  as  the 
number  of  atomic  position  parameters  which  cannot  be  uniquely  determi¬ 
ned  by  symmetry  argunents*.  The  tensor  gy  x  becomes  a  scalar. 

6.  Magnetic  field  H.  u  .  will  transform  like  an  axial  vector,  g  is 

K  g  A  y  ,  A 

like  a  second-rank  polar  tensor  which  reverses  sign  upon  time  rever¬ 
sal'  (c-type  tensor5) .  I  can  only  exist  for  the  90  magnetic  crystal 
classes.  The  matrices  of  such  tensors  are  given  in  tables  7  and  4  of 
Ref. 5. 

As  an  example  we  consider  a-quarts  (N-9  point  group  D3) .  We  have3 
Topt  “  ♦’  4Ai  +  SE  T(VE)  *  2A,  +  A,  +3B  T(P)  »  Ai 

r(t)  «  a,  +  e  r<H)  ■  At  1 1 

r(n)  «•  2Ai  ♦  2e  r(Vn)-  2At  +4a2  +6e 
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According  to  these  reductions  there  are  16  independent  internal 
strains  grouped  into  3  types,  4  of  type  A^  (non-degenerate) ,  4  of  ty¬ 
pe  A2  (non-degenerate)  and  8  of  type  E  (doubly  degenerate) .  Type  A1 
can  be  produced  by  q,VE  ,P  andyq  with  2, 2, 1,2  independent  components 
each,  for  each  of  the  corresponding  tensors  g  .  Type  A2  can  be  produ¬ 
ced  by  E,VE  and  vn  with  1,1,4  components  each  for  the  tensors  9,  etc. 
For  a  magnetic  crystal  with  N=9  and  magnetic  structure  D3,  a  field  H 
will  produce  4  internal  strains  of  type  A2  and  8  of  type  E  with  only 
one  component  each  for  the  tensor  g  .  Once  the  forms  of  g  are  written, 
similar  ones  hold  for  G  of  (2)  and  its  inverse  y, where  uk=  y  •  F. 

4 

This  is  because  g  <  G  and  y  have  the  same  symmetry  .  We  will  consider  the 


case  of  F  *  vn  for  the  A2  type  of  internal  strains  of  o-quartz.  Y  fol¬ 
lows  frost  the  electric  field- induced  Raman  tensor , according  to  the 
scheme3 


atp.X 


afe  as  au.  ,)*^  (a2u(lc)/3v  n  au.  ,): 

0  T  p  J  » ^  p  OT  k  j  A 


Y  ,  (4) 

<»Tp  ,X 


The  results  for  y  and  u„=  y.yij  are 


There  are  4  sets  of  values  for  yi...yk  since  we  expect  4  independent 
internal  strains  of  type  A2  due  to  Vtj  .  From  (6)  one  c^n  easily  derive 
the  selection  rules  for  inducing  a  desired  term  of  ^  . 

Internal  strains  due  to  external  stresses  have  been  studied  for 
some  materials  through  the  observation  of  forbidden  X-ray  diffra¬ 
ctions*.  In  principle  similar  techniques  can  be  employed  to  manifest 
internal  strains  due  to  forces  other  than  stresses. 
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INSTABILITIES  IN  THERMAL  BATH  :  PHONON  ENHANCEMENT  AND  SATURATION  IN  A 
THREE-LEVEL  SYSTEM 
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Abstract.-  The  equations,  determining  temporal  behavior  of  coupled  electronic 
and  phonon  subsystems  In  the  electromagnetic  field,  are  analyzed.  The  steady 
state  solution  describing  saturation  of  the  three  level  In  such  a  system  Is 
achieved.  It  Is  shown  that  laser-like  self-excitation  of  phonons  cannot  be 
obtained  though  essential  phonon  enhancement  may  be  gained  provided  certain 
conditions  are  fulfilled.  Field  Induced  transparency  Is  predicted  between 
first  two  levels  when  the  field  saturates  ground  and  highest  levels,  and  the 
concentration  of  Ions  Is  high. 


1.  Introduction.-  Usually,  In  various  non-equilibrium  processes.  It  Is  tacitly 
assumed  that  phonons  play  a  passive  role.  They  form  a  thermal  bath  that  Is  assumed 
to  be  preserved  all  the  time  In  Its  state  of  thermal  equilibrium.  But  as  It  has  been 
stressed  In  paper  [1]  by  the  author,  this  Is  not  always  the  case.  Under  certain  con¬ 
ditions  or  at  certain  stages  of  the  non-equilibrium  process.  Instabilities  may  arise 
In  the  phonon  system.  These  Instabilities  correspond  to  stimulated  emission  of 
phonons.  In  the  papers  of  Bron  and  Grill  [2],  observations  have  been  reported  of  a 
stimulated  phonon  emission  achieved  by  the  Inversion  of  a  three-level  electronic 
system  of  V4*  Ions  In  AlgOg.  The  theoretical  analysis  of  the  three-level  system 
Influenced  hy  the  strong  coherent  electromagnetic  field,  under  circumstances  when 
phonons  are  not  necessarily  In  the  equilibrium.  Is  the  aim  of  the  present  paper. 

2.  Basic  equations  and  steady  state  of  the  ensemble  of  Inhomogeneous ly  broadened 
three-level  systems  Interacting  with  monochromatic  field  and  phonons.-  The  above 
mentioned  paper  [1]  of  the  author  was  devoted  to  the  derivation  of  the  equations 
describing  taaporal  behavior  of  the  electronic  subsystems  coupling  with  phonons. 

The  specific  example  of  the  electronic  system  consisted  of  two-level  subsystems  was 
explored.  It  Is  easy  to  perform  generalization  to  the  case  of  many- level  olectronlc 
subsystems  Interacting  with  the  electromagnetic  field  and  phonons  both.  The  corres¬ 
ponding  equations  have  the  form: 


<T  + 

t 


*  '  lizt  (K,tl+KkUTmri  ,'»*o 


C6-54I 


K„-%: Z„  i\„t /J\  f»-i  -  ■ *>,  >- 

\  - |fZ,w;  (3> 


Here  a_  -  the  density  matrix  of  certain  Ion  (defect)  Interacting  with  phonons  of 
the  solid,  E  -  Its  Hamiltonian,  V(t)  -  the  energy  of  the  Interaction  of  this  Ion 
with  the  electromagnetic  field;  -  mean  values  of  the  phonon  numbers  with  the 

frequency  and  wave-vector  q,  Wq  -  the  relaxation  rate  of  nq  to  Its  equilibrium 
value  n°.  -  matrix  elements  of  Interaction  operator  between  electronic  system 

and  phonons.  The  summation  In  (3)  over  (mk)  means  the  summation  over  various  Ions 
with  various  u^,  l.e.  the  Inhomogeneous  broadening  Is  assumed.  The  equations 
(1)-(3)  are  the  system  of  coupled  equations  for  and  n  both. 

Me  will  assume  that  each  Ion  has  three  levels  En<Ek<Em  (or  just  these  levels 
are  essential  for  the  problem).  These  levels  are  Inhonogeneously  distributed  and 
grouped  with  certain  bandwldths.  He  suppose  that  the  monochromatic  electromagnetic 


V  •¥  +  ?''****  V'e****  •  C0o'*tdmn  ;  (V*)  =  V~  <4> 

ts  Imposed  on  the  crystal .  Then  the  steady  state  solution  may  be  looked  for  In  the 
form  ®nm%M«1“°t  "here  am  do  not  depend  on  tine  as  well  as 

*W  °nn*  °kk  and  nq*  Fro"  *he  equation  (3)  we  obtain  tire  steady  state  equation  for 
nq  with  the  solution 


\  =  [»i  -  K'y  crtk  )J  (5> 

Here 

\  =  ff 2,„u  !A%„k  /  ^  ,  («) 


°m*  «kk  are  the  mean  values  of  the  probabilities  of  the  states  m  and  k  and  we 
assume  that 


(7) 


From  equation  (2),  we  obtain  for  the  transition  probabilities  M,^  the 
expressions 


«*- 


=■/ 


(8) 


C.  *  £,  -  %Z%  > .  (»> 

It  Is  easy  to  see  from  Eqs.(3),(6)  that  the  threshold  condition  of  the  self-excita¬ 
tion  of  phonons  has  the  form  (see  also  [1]) 


WT*-’ 


(10) 
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This  condition  being  satisfied,  the  steady  state  solution  does  not  exist.  It 
can  be  seen  from  Eqs.(5),(8),  since  the  quantities  nq,  Wkm  could  not  be  negative. 

To  simplify  the  calculations  we  Mill  assume  that  the  temperature  of  the  crystal 
equals  zero  (or  It  Is  very  low)  so  that  nq«0;  W^W^O.  As  to  W^  and  Wk|||,  we  take 
Into  account  their  dependence  on  am  and  akk.  (We  consider  the  situation  when 
°m»”0kk  can  be  Pos1t<ve  and  may  1ea<*  t0  the  essential  enhancement  of  nq  and  Ukm, 
^mk’  and  at  sam  tins  <Jkk'°nn  and  0nBi*°nn  bein9  "«9*t1ve  cannot  essentially 
influence  on  the  quantities  Wnk,  Wfcn,  W^,  Wffln) .  After  transformations  we 
obtain  from  (l)-(9)  the  following  aquations: 

Here  fMv2/^W^;  g-rq/Wq;  e-  r^;  d-  ^/M^; 

o^-nd-gnj/d-gn-d);  o^-o^-n;  n*Vkk;  (12) 

The  necessary  condition  for  the  Inversion  of  the  populations  and  akk  (n>0) 

Is  W|tn:> ar  d<l .  Solving  equation  (11)  and  finding  n  as  a  function  of  dimension¬ 
less  field  strength  f  me  can  find  all  the  populations  onn,  akk  and  ^  from  (12). 

It  can  be  shown  that  g  Is  proportional  to  the  concentrations  of  Ions  (defects)[l]. 

In  the  case  of  low  concentrations  (g=0)  we  obtain  for  nmo_-ou,  and  for  a  -a__  the 

mi  kk  nn  MM 

usual  expression  describing  the  saturation  In  three-level  system  (see  e.g.  [3]). 

3.  Conclusions.-  According  to  (3),(5),(10)  the  threshold  field  corresponding  to 
self -excitation  of  phonons  could  exist  provided  l-gn-0  Is  the  solution  of  the 
equation  (11).  But  the  analysis  shows  that  such  field  dees  not  exist.  The  first 
conclusion  Is  that  In  three-level  system,  the  self-excitation  of  phonons  cannot  be 
achieved.  Whan  the  difference  of  populations  n-o^-o^  begins  to  Increase  with  the 
Increasing  of  the  field  f  the  number  of  phonons  (5)  and  W^.W^  also  Increase. 

This  leads  to  the  saturation  of  levels  m  and  k  which  In  Its  turn  prevents  the  ful¬ 
fillment  of  the  self-excitation  condition  (10). 

The  second  conclusion  Is  that,st111  .essential  enhancement  of  the  phonon  numbers 
may  be  achieved  for  g>l:  nq“^g-  »1  (fbr  g»l);  nq“  Jp  »1  (d«g-2). 

The  third  conclusion  Is  that  at  large  enough  concentrations  (when  g»l)  we 
should  anticipate  the  auenchlno  of  the  laser  affect  at  the  levels  n,k  since  the 
difference  of  (Inverted)  populations  tends  to  zero  when  the  saturation 

effect  between  levels  m  and  n  holds  (f*»l):  n„-(l-d)/g-3d(l-d)/g  (g»l)  and 
d(l+g^6(g-2)  (d«g-2K 

And  last,  but  not  least,  we  predict  field  Induced  transparency  In  the  first  two 
levels  n  and  k  of  three  level  system,  when  field  saturates  labels  Trend  m  and  o»i. 
In  this  case  °nn-<£k"v*°  wh#fl  #♦"  "Ml*  the  abWYptlon  of  the  probe  Tight  signal 
(at,  the  frequency  u^)  1*,  proportional  to 
PiflTgSg 

1.  8.  Fain,  Fhys.  Rev.  (In  press). 
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Scattering  in  Condensed  (letter  ed.  by  Hu^hrey  j.  (*Ms,  Plenum  Press ,R.Y. (1980). 

3.  8.  Fain,  Y.I.  Khanln, Quantum  Electronlcs.Vol.I,  Pergamon  Press,  Oxford  (1969). 
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IMPROVED  ENERGY  RESOLUTION  WITH  NEUTRON  SPIN  ECHO  TRIPLE-AXIS 
SPECTROMETERS 

C.M.E.  Zeyen 

Institut  Laue-Langevin,  1S6X,  38042  Grenoble  Cedex,  Prance 


Abstract.  -  A  spin  echo  option  added  to  a  classical  Triple  Axis  spectrometer 
is  capable  of  significantly  improving  the  Energy  Resolution.  The  design  and 
construction  of  such  a  machine  is  described.  In  particular  it  is  shown  that 
intensity  problems  can  well  be  overcome  by  using  new  focussing  polarizer/ 
analyser  devices.  The  method  has  proven  to  be  very  successful  for  high  reso¬ 
lution  quasielastic  scattering.  Preliminary  phonon  experiments  yith  the  aim 
of  lifetime  determination  have  been  performed. 


Introduction.  -  Neutron  Triple-Axis  Spectrometers  (TAS)  have  been  a  very  productive 
and  rather  unique  tool  for  the  investigation  of  dispersion  surfaces  in  solids. 
Furthermore  in  certain  cases  the  same  technique  has  been  useful  to  determine  the 
energy  linewidth  of  excitations.  In  general,  however,  the  latter  applications  are 
handicapped  by  the  lisdted  resolution  characteristics  of  TAS. 

Their  energy  resolution  is  detersdned  by  the  beam  collimations  and  monochroma- 
tisationa  necessary  to  precisely  measure  the  neutron  energies  and  momenta  before  and 
after  the  scattering  process.  Hence  the  practical  limits  are  condi tionned  by  the 
limited  flux  of  the  available  contineous  neutron  sources.  In  practice  relative 
energy  resolutions-^- of  about  I  Z  are  typical  (Eo  is  the  incident  neutron  energy). 
Thus  the  very  best  energy  resolutions  ('V  50  yeY  FWHM)  are  obtained  with  very  low 
energy  neutrons  with  the  corresponding  limited  momentum  transfer  obtainable. 

The  neutron  spin  echo  (NSE)  technique  proposed  by  Mezei1,  if  added  to  a  Triple 
Axis  spectrometer  can  be  used  to  improve  the  energy  resolution  significantly.  This- 
is  due  to  the  fact  that  in  NSE  rather  than  obtaining  the  excitation  energy  as  the 
difference  between  incoming  and  outgoing  neutron  energies  it  is  measured  directly. 
The  principle  of  the  method  is  analogous  to  the  spin  echo  method  used  in  MB  with 
the  difference  that  the  time  variable  is  replaced  here  by  a  spatial  variable  :  the 
distance  the  neutrons  travel  through  magnetic  fields  with  their  spins  executing 
Larmor  precessions.  The  total  amount  of  precession  angle  accumulated  by  one  neutron 
is  proportional  to  the  time  spent  in  the  field  and  the  integral  of  the  magnetic 
field  along  its  trajectory.  Thus  the  well  polarised  incoming  neutron  beam  will 
quickly  loose  its  polarisation  due  to  its  velocity  spread  but  the  Larmor  phpse  angle 
of  each  neutron  epin  taken  separately  will  still  remain  a  measure  of., its  own  energy. 

By  arranging  two  magnetic  field  areas  before  and  after  the  scattering  sample 
in  such  a  way  as  to  produce  precession  in  opposite  sense  and  properly  tuning  the 
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difference  in  field  magnitude  to  the  neutron  energy  change  by  the  inelastic  process 
under  study  one  can  recover  the  mean  beam  polarization  at  the  end  of  the  second 
magnetic  field  area.  This  is  called  obtaining  the  "Echo".  The  decay  of  this  final 
NSE  polarization  as  a  function  of  magnetic  field  asymetry  around  Che  Echo  value 
can  be  shown  to  be  related  to  the  energy  width  of  the  excitation  studied. 

The  resolution  of  such  a  spectrometer  is  improved  by  increasing  the  number  of 
Larmor  precessions  through  stronger  magnetic  fields.  The  limit  is  set  by  the  obtain¬ 
able  field  homogeneities.  Indeed  field  inhomogeneities  introduce  parasitic  Larmor 
precessions  which  may  destroy  the  final  NSE  polarization. 

The  spectrometer .  -  The  basis  of  our  NSE  TAS  is  the  thermal  neutron  triple-axis 
spectrometer  DIO  of  the  I.L.L..  In  its  classical  mode  of  operation  the  spectrome¬ 
ter  is  equipped  with  sets  of  both  PG  and  copper  vertically  focussing  monochromator/ 
analysers.  The  useful  wavelength  band  is  inbetveen  I  and  3.5  angstrom  and  below 
1.5  k  the  cut-off  of  the  curved  neutron  guide  is  indeed  very  useful  because  X/2  fil¬ 
ters  are  not  needed.  This  is  a  particularly  relevant  feature  where  Heusler  crystals 
are  used  as  the  second  order  reflexion  is  very  strong. 


Fi.&-  1  :  Schematic  arrangement  of  the  spin-echb  TAS 
M  :  focuasing  crystal  monochromator/polarizer 
A  :  focuasing  crystal  analyser /spin  analyser 
D  :  detector 

S  :  sample  ^ 

if  :  spin-turn  coils  (the  —  coils  'to’-aa  the  sample  can  be  replaced  by  a  single  if 
I  coil)  * 

Hj.Hj  t  precession  fields. 

In  order  to  transform  the  spectrometer  into  a  polarization  analysis  spectrome¬ 
ter  vertically  focussing  composite  Heusler  systems  were  especially  developed  for 
this  purpose.  These  systems  give  a  focussed  beam  of  30  x  30  mm  cross  section  start¬ 
ing  from  a  white  beam  of  120  x  30  mm.  The  polarisation  efficiency  obtained  is  96  X. 
The  final  polarization  of  the  spectrometer  including  the  flipper  efficiency  reaches 
92  Z  provided  the  sample  presents  no  spin  incoherent  scattering.  In  order  to  keep 
the  spectrometer  rather  co^aet  an  Iron  core  precession  magnet -type  with  the  field 
ttiisomrse  to  the  neutron  trajectories  was  chosen.  The  magnets  have  a  wide  window 
ft sms  iron  cote  dimensioned  so  that  the  iron  does  not  saturate  anywhere  at  maximum 
field,  lhe  windings  were  chosen  of  the  racetrack  type  because  they  give  a  maximum 
of  homogeneity.  The  maximum  field  in  tha  magnet  gap  is  l.S  k  Oersted,  for  particular 
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saall  sample  geometries  extra  pole  pieces  may  be  added  to  give  a  maximum  field  of  3  k 
Oersted.  For  NSE  the  relevant  property  of  the  precession  magnets  is  the  line  inte¬ 
gral  of  the  magnetic  field  H  along  neutron  path  and  over  the  distance  l  where  the 
neutron  spins  are  allowed  to  precess  around  the  field  direction.  This  integral  was 
calculated  to  be  about/ Hdi  %  5.10^  Oe.cm  the  value  depending  of  course  on  the 
precise  integration  length  l.  In  practice  and  at  maximum  field  the  value  of 

4 

5.63.10  Oe.cm  was  found.  This  corresponds  to  1000  Larmor  precessions  for  2.4  A 
(N  -  7.37. 10-3  A/*Hdi).  This  number  of  precessions  N  has  to  be  as  homogeneous  as  pos¬ 
sible  for  all  neutrons  of  identical  wavelength.  For  our  magnets  experiments  have 
shown  that  practical  beam  sizes  lead  to  a  loss  of  NSE  signal  of  about  30  X  at  maxi¬ 
mum  field  mainly  due  to  field  inhomogeneities .  Further  experimental  details  can  be 
found  in  *  . 

Performance  and  results.  -  From  the  point  of  view  of  polarised  neutron  flux  the  pre¬ 
sent  solutions  are  very  satisfactorily.  The  flux  loss  with  respect  to  the  standard 
graphite  crystal  monochromator /analyser  is  of  a  factor  5  only. 

The  quantity  measured  in  an  NSE  experiment  is  the  beam  average  of  the  final 
NSE  polarisation.  As  extensively  discussed  in  this  quantity  is  related  to  the 
scattering  function  S(Q,u)>  of  the  sample  by 

PNSE  "  -Jm  ,ui)  cos  ut  d til 

where  t  is  a  Fourier  time  variable  depending  on  the  machine  constants  and  the  inci¬ 
dent  wavelength.  PQ  is  a  normalising  polarisation  which  contains  eventual  changes  of 
polarisation  by  the  sample.  This  relation  can  be  specialised  to  particular  scatter¬ 
ing  examples.  For  quasi-elastic  Lorentzian  scattering  the  polarisation  is  just  giv¬ 
en  by 

PNSE  “  PoeXp  <’rt> 

where  F  is  the  linewidth  parameter  of  the  Lorentzian. 

For  phonon  linewidth  studies  the  measured  polarisation  is  given  by 

PNSE  ”  Po  co* 

where  N(  and  stand  for  the  swan  numbers  of  spin  precessions  in  the  initial  and 
final  beams .  The  quantity  Pg  describes  the  decay  of  the  echo  signal  as  a  function  of 
N(  and  contains  both  the  energy  width  of  the  classical  resolution  function  of  the 
spectrometer  as  the  standard  deviation  of  the  phonon  lineshape. 

The  resolution  function  of  an  NSE  spectrometer  is  given  by  the  decay  of  the  NSE 
polarisation  with  increasing  precession  field  strength.  Fig.  2  shows  a  typical  reso¬ 
lution  curve  of  D10-NSE  for  an  incident  wavelength  of  2.4  A.  One  sosm times  defines 
the  spectral  resolution  which  gives  rise  to  a  5  A  change  in  F^gg  at  the  maximum 
Fourier  time  tM>  obtainable.  In  our  case  this  quantity  amounts  to  0.3  peV.  Ve  have 
verified  that  for  quasi-elastic  scattering  this  is  indeed  measurable. 

Concerning  the  measurement  of  phonon  lifetimes  only  very  preliminary  measure¬ 
ments  have  been  made.  It  can  be  stated  that  there  is  no  experimental  problem  for  non 
dispersive  branches  although  the  data  treatment  and  corrections  are  not  yet  complete¬ 
ly  under  control.  More  experimentation  is  needed  to  determine  the  resolution 
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improvements  obtainable  for  strongly  dispersive 
phonon  branches. 


Fig.  2  :  Example  of  D10-NSE  Resolution  as  a  func¬ 
tion  of  the  Fourier  time  (X  -  2.4  A). 

o 
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PHONONS  IN  MOLECULAR  CRYSTALS 

G.  Venkataraaan 

Reactor  Research  Centre,  Kalpakkam  603  102,  Tamil  Nadu,  India 


Abstract.-  This  paper  reviews  recent  developments  concerning 
phonons  in  molecular  crystals. 


1.  Introduction.-  A  molecular  crystal  may  be  operationally  defined  as 
one  in  which  there  exist  well-bound  groups  of  atoms.  Si  this  paper,  a 
broad  survey  is  given  of  recent  developments  concerning  phonons  in 
such  crystals.  Tb  start  with,  these  developments  are  viewed  by  analo¬ 
gy  with  similar  happenings  earlier  for  ’simple  '  crystals.  Later, 
features  (like  rotations  )  specific  to  the  presence  of  atomic  clusters, 
are  given  special  attention. 


2.  Dispersion  curves.-  As  in  the  case  of  simple  crystals,  a  serious 
study  of  molecular  phonons  commenced  only  when  efforts  were  launched 
to  make  compete  maps  of  dispersion  curves.  ftowever,  since  the  nuntoer 
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of  branches  (even  of  external  modes  )  is  usually  large,  such  experi¬ 
ments  are  time  consuming  and  therefore  confined  to  the  large  reactors. 

\ 

Figure  1  shows  the  results  for  naphthalene  ,  and  probably  represents 

the  limit  attainable  at  present.  Other  crystals  similarly  explored  in 

detail  include  anthracene  and  TCNE.  m  a  few  cases,  e.g.,  anthra- 
2 

cene  ,  neutron  scatterers  have  ventured  to  go  even  further  and  study 
eigenvectors.  Hare,  for  instance,  it  was  possible  to  establish  the 
extent  to  which  the  butterfly  and  twist  internal  modes  (both  of  P4 
symmetry),  become  mixed  in  the  crystal. 

3.  Shell  model.-  Ch  the  theoretical  side,  one  has  witnessed  the  emer- 

1  '  3  4 

gence  of  a  molecular  shell  model  *  .  As  in  the  simple  shell  model  of 
Cbchran,  one  first  visualizes  the  (polarizable)  atoms  in  the  molecule 
to  be  composed  of  cores  and  shells.  lb  simplify  matters,  one  next 
supposes  that  all  the  cores  in  a  molecule  are  rigidly  tied  as  also  the 
shells.  Ffowever,  relative  motion  between  the  two  clusters  is  permit¬ 
ted.  The  dynamical  matrix  now  gets  enlarged  as  below  : 


Uhlike  the  Cbchran  shell  model,  the  molecular  shell  model  is  yet 
to  find  extensive  use.  ffewever,  experimental  results  currently  becom¬ 
ing  available  seem  to  be  increasingly  favouring  the  use  of  -this  model. 

4.  A b  initio  calculations.-  /b  initio  calculations  in  molecular  crys¬ 
tals  in  the  senas  of  starting  from  ions  and  electrons  hardly  exist,  in 
sharp  contrast  to,  say,  the  metals.  Wiat  is  more  common  is  to  make 
calculations  based  on  assumed  forms  for  atom-atom  interactions. 

Initial  work  concentrated  on  non-bonded  interactions.  The  potentials 
were  usually  assumed  to  be  of  the  Bickingham  -  6  exp  type,  the  para¬ 
meters  often  being  derived  from  tttaigorodsky.  It  is  important  in 
such  calculations  to  ensure  that  the  static  configuration  about  which 
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the  dynamics  is  calculated,  is  an  equilibrium  one.  Chaplot  et  al^ 

have  drawn  attention  to  the  implications  of  this  vis-a-vis  the  so- 

called  self-terms  in  the  force  constants. 

\  6 

fephthalene  ’  has  received  much  attention,  especially  in  the 

context  of  comparison  with  experiment.  It  has  generally  emerged  that 

while  Bickingham-type  potentials  are  by  and  large  useful,  'We  are  now 

near  the  stage  where  a  more  sophisticated  model  of  the  intermolecular 

forces  is  required1^.  A  somewhat  similar  programme  of  calculation 

(and  limited  comparison  with  experiment )  has  been  implemented  by  too 

et_ al_  for  ^,-KNQj.  A  notable  feature  of  these  calculations  was  the 

explicit  evaluation  of  the  various  Cbulombic  contributions  via  the 

detailed  expressions  given  for  the  molecular  case  earlier  by  \tenkata- 
0 

raman  and  Sahni  . 

tot  infrequently,  near-neighbour  interactions  involve  hydrogen  or 
covalent  bonding,  and  in  such  cases  one  must  obviously  make  modifica¬ 
tions  to  the  above  scheme.  Che  example  of  such  a  crystal  is  solid 

chlorine.  fere,  initial  attempts  via  Bjckingham-type  potentials 

9  10 

failed  .  The  crystal  was  never  stable.  Thereafter,  fbsternak  et_  al 

introduced  bond-charge  type  interactions  (similar  to  those  used 

earlier  in  diamond  )  to  take  care  of  covalency  effects.  The  success  of 

such  an  approach  may  be  judged  from  fig. 2. 


10 

fig.  2  :  Calculated  and 
'  11 

measured  curves  for  solid 
iodine. 
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5.  Ftolecular  dynamics.-  Mother  development  of  significance  is  the 

study  of  phonons  by  molecular  dynamics.  Klein  et_  al_ have  used  the 

technique  to  study  solid-f^,  solid  Y  -0^,  Da  and  C^.  m  Y  -C^, 

the  structure  is  similar  to  that  of  the  famous  A-15  compounds.  It 

consists  of  linear  chains  of  disordered  hdisk— like "  molecules  along 

001  directions  and  spherically  disordered  "sphere-like "  molecules 

on  a  bcc  lattice.  Broad  features  related  to  these  two  distinct  types 

12 

were  detected  in  the  simulation  studies  •  Ih  CR,,  dispersion  curve 

13  4 

plots  were  obtained  as  in  fig. 3  .  It  was  inferred  that  the  potential 

used  (deduced  by  kllliams  from  crystal  structure  of  aliphatic  com¬ 
pounds  )  gave  too  soft  a  crystal.  Mother  useful  finding  of  this  work 
was  the  general  validity  of  the  theory  of  neutron  scattering  from 
plastic  crystals  as  given  earlier  by  Colling  et  al^. 


Fig.  3  s  Dispersion  curves 
for  solid  methane  obtained 
by  simulation  (after  ref. 
13  ). 


6.  stations.-  The  rotational  behaviour  of  molecules  is  essentially 
controlled  by  the  potential  they  see  in  the  field  of  their  neighbours 
Considering  the  single-particle  behaviour  first,  the  quantity  of 
interest  is  v  (CJ^,t  ),  the  net  orientational  potential  seen  by  the 
1th  molecule  at  time  t.  This  potential  can  be  expressed  as  the  sum 
of  a  static  and  a  fluctuating  (time— dependent )  part.  The  scenario 
that  emerges  depends  very  much  on  the  relative  magnitudes  of  the 
rotational  constant  CK2/2I),  the  temperature,  and  the  static  and 
fluctuating  components  of  \f.  Figure  4  illustrates  the  energy-level 
scheme  for  a  rotor  in  an  orientational  potential.  Examples  of  such 
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behaviour  are  now  available.  Particularly  in  ( NH.  )0  Sh  CL , ,  ftrager 
15  4  ^  b 

et  al  have  demonstrated  the  presence  of  both  librations  and  tunnel¬ 
ing.  "Harning  next  to  coupling  between  rotations,  an  interesting 

1.6 

example  is  provided  by  the  work  of  Sbod  et_  al  who  have  noted  the 

possibility  of  coupled  reorientations  of  two  ions  (between  two 

available  configurations  )  in  a  flip-flop  mode. 

1.6 

Bates  et  al  have  examined  the  role  of  ammonia  rotations  in 
transition  metal  hexammine  halides  M(NK,),X,.  These  crystals  have 


the  CbF2  structure;  all  show  phase  transitions,  which,  it  is  believed, 
is  connected  with  the  freezing  of  the  protonic  motions  in  NH^.  The 

ENERGY  LEVELS  OF  UNIAX.  ROTATOR 


vw 


calculations  of  totes  et.  al. support  this  view,  and  are  in  general 
accord  with  toman  experiments. 

Ih  KCN,  the  analysis  of  the  rotation-translation  coupling  has 
been  taken  to  further  levels  of  sophistication,  since  relaxation 
effects  are  specifically  in  focus,  the  familiar  torn-von  Karman 
equation 

M  Gl>V^)  =  Dc<v)  U  (<^) 

(1) 

is  inadequate.  Let  us  first  recaste  (1)  as 
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(z  _  i £Ej§Cz)  =  i  $  (t.o) 


(2  ) 


where  z  is  a  complex  frequency,  and 

-°°  -ei' 


3>Ct)  =  Jdt'e  u(o)])  §cz)= 


r*3  izt 


Are  <§Ct). 

-t  Jo  (3 ) 

When  many  dynamical  variables  are  present  and  relaxation  effects 
occur,  (3  )  gets  extended  as 

rzi-  o.  +  S)  <£cz)  - 

V  JOS'  ss-  *■  —  (4  ) 

where  2  is  the  relaxation  matrix  and  7C  (o  )  is  the  static  suscep¬ 
tibility.  Equation  (4 )  is  the  tori  equation. 


In  KCN  there  is  a  phase  transition  at  168  K  to  an  orthorhombic 

structure,  with  CN"  (which  were  initially  disordered ),  becoming 

18 

parallel  to  the  b  axis.  Mchele  g£.  al_  have  successfully  used  the 
above  formalism  both  to  explain  the  anomalous  decrease  of  CAA  as 

+  sjg**** 

T— >Tc  ,  and  the  neutron  scattering  results  Of  towe  et_  al_  .  In 
particular,  they  have  been  able  to  show  why  a  central  peak  is  absent 
when  q  is  small  and  is  present  when  qv/»0.5  Bz. 


Fig.  5  :  to  a  su  red  and  cal¬ 
culated  phonon  profiles  in 

KCN  near  T  .  tote  the 
c 

central  peak  (after  ref. 19  ). 


It  is  obvious  from  the  above  that  one  now  knows  a  goo a  deal  more 
about  rotations  of  molecules  in  crystals.  Ih  particular,  one  is  now 
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able  to  get  a  detailed  feel  both  via  theory  and  experiments  about  how 
rotations  can  Influence  structural  changes. 

7.  Fluctuation  aaectroscopy.-  Finally,  a  brief  reference  will  be 

20 

made  to  intensity-correlation  spectroscopy  as  a  possible  tool  for 
studying  slow  molecular  motions.  Ihe  idea  is  as  follows  :  Conven¬ 
tional  spectroscopy  is  restricted  in  the  study  of  slow  relaxational 
processes  since  the  latter  produce  negligible  line  broadening.  Sup¬ 
pose  now  that  besides  the  usual  rapid  fluctuations,  there  is  a  slow 
component  on  a  very  different  time  scale.  Vhen  intensity  in  a  spec¬ 
tral  band  is  measured  as  usual,  the  experiment  will  average  only  over 
the  fast  relaxation  modes.  te  such,  repeated  measurements  at  the 
same  spectral  setting  will  yield  a  slowly  fluctuating  intensity  I(t). 
From  the  correlation  function  ^Ifo  )I(t  )\,the  relaxation  time  of  the 
slow  fluctuations  can  be  determined.  Thus,  one  can  envisage  tagging 
a  molecule  by  its  internal  vibrations,  and  studying  the  (slow )  rota¬ 
tional  dynamics  by  correlation  spectroscopy.  It  is  pertinent  to 
mention  that  correlation  spectroscopy  is  already  popular  in  other 
fields  like  chemical  kinetics  and  biophysics,  tfepefully,  one  will 
hear  about  application  to  phonons  in  the  next  Cbnference. 


Fla.  6  :  Schematic  illustra- 
tion  of  intensity  fluctua¬ 
tion  spectroscopy.  The  box 
indicates  the  essence  of 
conventional  spectroscopy. 
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VIBRATIONAL  SPECTRA  OF  SOLID  AND  LIQUID  SULFUR 

Y.  Sasaki +  and  Y.  Nishina* 

Department  of  Physios,  University  of  California,  Irvine,  California  92717, 
U.S.A. 

*  The  Research  Institute  for  Iron,  Steel  and  Other  Metals,  Tohoku  University, 
Sendai  980,  Japan 


Abstract.-  He  have  Measured  che  Raman  spectra  of  intermoleculsr  vibrations  of 
sulfur  in  the  temperature  regions  of  orthorhombic-monoclinic,  solid-liquid,  and 
polymerization  transitions.  The  evolution  of  the  Raman  spectrum  at  the  first 
phase  transition  is  discussed  in  tens  of  the  disorder-induced  Raman  scatter¬ 
ing.  The  Raman  spectra  in  liquid  suggest  ordering  in  the  liquid  phase.  The 
appearance  of  the  Sn~ polymer  above  the  polymerization  temperature  changes  the 
slopes  of  the  exponential  Raman  spectra  in  the  liquid. 


1.  Experiment.-  The  Raman  spectra  were  measured  by  conventional  Raman  scattering 
equipment  with  a  He-Ne  laser  and  by  a  system  designed  to  obtain  spatially- 
resolved  Raman  spectra  with  an  Optical  Multichannel  Analyser  (OMA)  and  an  Ar *  laser 
(5145A).  In  the  latter  case,  a  sample  cell  was  placed  in  a  vertical  oven  with  the 
temperature  gradient  of  about  10  deg. /mm  along  the  vertical  direction.  Then,  the 
temperature  dependence  of  the  Raman  spectra  across  the  liquid-solid  phase  boundary 
was  obtained  from  the  spatially-resolved  Raman  spectra  with  the  spatial  resolution 
of  10  |i.  The  use  of  the  OMA  system  made  it  possible  to  determine  the  temperature 
dependence  of  the  Raman  spectra  very  quickly  with  a  small  temperature  increment  of 
less  than  0.5  R.  All  the  data  were  taken  with 
99.999  Z  sulfur  sealed  in  a  glass  cell  in  i  back 
scattering  configuration. 

2.  Results.-  Figure  1  shows  the  depolarized  Raman 
spectra  of  (a)  orthorhombic  (a),  (b)  monoclinic 
(0),  and  (c)  liquid  (IT)  sulfur  that  were  measured 
when  we  increased  the  temperature  from  290  K  to 
above  the  melting  point  Ta  •  391  K.  The  Raman 
spectrum  for  n-sulfur  in  fig.  1(a),  agrees  well 


1) 


The  Raman 


with  the  results  of  Anderson  and  Loh. 
bands  at  S3  and  153  cm-*  have  been  assigned  to 
intramolecular  vibratidns  of  the  Sg-ring.*^ 
Intermolesalar  vibrations  are  responsible  for  the 
other  parts  of  the  spectra  in  Fig.  1.  The  spectra 
in  Fig.  1(d)  was  taken  at  the  same  temperature  as 
Fig.  1(b),  but  the  two  spectra  are  quite  different. 


Fig.  1.  Depolarised  Raman 
spectra  of  sulfur.  The  peak, 

6,  is  the  awnochromator  (host. 


ant  address  :  Tohoku  University,  Sendai  980,  Japan 
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The  reason  for  Che  difference  arises  froa  the  fact  that  Che  sanple  for  Fig.  1(b)  was 
obtained  through  the  a  ♦  6  phase  transition  at  about  369  K  while  the  crystal  for 
Fig.  1(d)  was  solidified  froa  liquid.  The  quality  of  the  6-sulfur  obtained  by  the 
solidification  of  liquid  is  .expected  to  be  better. 

Figure  2  shows  the  spatially-resolved  Raman  spectra  across  the  liquid-solid 
phase  boundary.  The  data  were  taken  for  five  different  tenperature  regions  at  O.S  K 
intervals  siaultaneously.  Figures  2(a)  and  2(b)  correspond  to  the  6“,  and  2(d)  and 
2(e)  to  the  i-sulfur  region,  respectively.  Since  the  resolution  in  Fig.  2 
(=>  7  ca_1)  is  not  as  high  as  in  Fig.  1  (■  0  .75  cxf  *  ) ,  the  fine  structure  in 

Fig.  1(b)  is  not  resolved  in  Fig.  2(a)  or  2(b).  The  interaolecular  Renan  band 

appears  at  the  saw  frequency  («  37  cm-1)  for  AT  =  T  -  T  -  11  K  (Fig.  1(b)), 

AT  -  1.0  K  (2(a)),  and  AT  -  0.5  K  (2(b)).  The  width  of  the  band,  furthermore,  stays 

alaost  constant  from  At  ■  11  f  to  ffl  *  1.0  K,  ana  it  increases  slightly  at 

AT  -  0.5  K. 


Figure  3  shows  a  logarithmic  plot  of  the  Raman  spectra  of  the  liquid.  The 
spectral  shape  is  approxiuted  by 

I  “  exp  (- ftw/A)  ,  (1) 

where  fim  and  A  denote  the  Stokes  shift  and  a 
constant,  respectively.  Humps  at  40  and  80  cm  1 , 
however,  are  superposed  on  the  exponential  curves 
in  the  low  temperature  spectra  for  T  <  510  K.  The 
80  cm*'1  hump  is  due  to  an  intramolecular 
vibration.  The  intensity  of  the  husp  at  40  cm-* 
decreases  with  tenperature,  and  the  hunp  dis¬ 
appears  above  440  K.  Figure  4  shows  the 


Fig.  2.  Spatially-resolved 
Raman  spectra  of  sulfur  across 
the  solid-liquid  phase 
boundary. 


Fig.  3.  Logarithmic  plot  of 
Raman  spectra  of  i -sulfur. 
Vertical  displacements  of  the 
spectra  have  haen  made  for 
clarity. 


Fig.  4.  Temperature  depend¬ 
ence  of  A  in  t-sulfur. 
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temperature  dependence  of  A  as  deduced  from  the  slopes  of  the  straight  lines  in  Fig. 
3.  the  melting  point,  Ta,  and  the  polymerization  temperature,  Tp  ”  432  K,  are  shown 
as  a  reference  in  Fig.  4. 

3.  Discussion.-  Since  one-third  of  the  So  molecules  of  S-aulfur  are  twofold 
-  -8 

disordered  at  T  >  198  K,  the  broad  intermolecular  Raman  band  of  8-sulfur  centered 
at  37  cm-1,  similar  to  Fig.  1(b),  was  attributed  to  the  disorder-induced  one-phonon 
scattering  due  to  the  breakdown  of  the  k-se'lection  r  ile.^  the  intermolecular  Raman 
spectrum  of  the  sulfur  solidified  from  liquid  (Fig.  1  (d))  is  similar  to  the 
spectrum  of  «t-sulfur  rather  than  that  of  0-sulfur  obtained  through  the  a  ♦  0 
transition  (Fig.  1(b)).  This  fact  seems  to  suggest  that  the  degree  of  disorder  is 
lower  in  the  0-sulfur  obtained  by  the  solidification  than  in  the  sulfur  procured 
through  the  a  ♦  0  transition. 

The  position  of  the  hump  (40  cm-1)  in  the  Raman  spectra  of  the  liquid  agrees 
well  with  the  Stokes  shift  of  the  disorder-induced  Raman  band  of  the  solid.  The 
observation  of  this  tump  indicates  that  order  in  liquid  sulfur  exists  over  the  range 
of  a  few  molecules  it  I<  440  X. 

As  shown  in  Fig.  3,  i— sulfur  shows  an  exponential  Raman  spectrum  in  contrast  to 
many  kinds  of  molecular  liquids,  which  show  non-exponential  spectra  approximated  by 
Xexp(-  flw/A),*)  for  instance.  The  exponential  spectra  have  been  observed  in 
atonuc  liquids.***)  According  to  the  theory  of  collision-induced  Raman  scattering 
in  liquids,*^  the  exponential  spectra  suggest  that  the  molecular  fraam  distortion 
does  not  play  an  important  role  for  the  collision-induced  polarizability  anisotropy 
compared  with  the  contribution  from  the  electronic  overlap  effect. 

The  theories  available  for  the  interpretation  of  high  frequency  Raman  scattering 
in  liquids  predict  that  the  value  of  A  in  Eq.  (1)  is  expected  to  vary  as  i* 
or  VF/[1  -  (2/v)arctan  V2e/T] f4)  y^ere  e  is  the  energy  constant  for  the  lennard- 
Jones  potential.  Figure  4  ,  however,  shows  that  A  varies  more  rapidly  than  ,/T, 
especially  above  Tp.  Gee*)  bas  reported  that  the  weight  fraction  of  Sg-ring  in  the 
liquid  decreases  above  Tp  while  the  fraction  of  Sa~polymer  increases  abruptly,  and 
the  fraction  of  polymer  reaches  SO  Z  at  about  510  K.  The  extraordinary  increase  in 
A  above  Tp,  therefore,  may  be  attributed  to  the  appearance  of  polymeric  chains. 
Acknowledgements. -The ’authors  would  like  to  thank  Prof.  S.  Ushioda  for  valuable 
discussions,  This  work  was  supported  in  part  by  a  Grant-in-Aid  for  Scientific 
Research  (1979,  1980)  from  the  Ministry  of  Education  in  Japan  and  by  a  grant  from 
the  Rational  Science  Foundation  (EMI  80-11435)  in  the  U.S.A. 
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PHONONS  IN  THE  DNA  DOUBLE  HELIX* 


E.W.  Prohofsky,  L.L.  Van  Zandt,  M.  Kohli,  K.C.  Lu,  M.N.  Mei  and  B.  Putman 
Dept,  of  Phyeios,  Purdue  University,  fleet  Lafayette,  IN  47907,  U.S.A. 


Abstract.-  He  have  calculated  a  model  for  the  phonon  modes  of  the  DNA  double 
helix.  He  have  used  these  modes  in  a  number  of  applications  to  biological 
problems  which  use  lattice  concepts  such  as  soft  modes,  local  modes  and  quasi¬ 
momentum. 


1.  Phonons.-  The  double  helix  is  a  long  chain  polymer  made  of  units  called  base 
pairs.  There  are  four  possible  base  pair  units  and  these  units  contain  two  hydrogen 
bonded  bases  and  two  backbone  segments.  The  backbone  segments  are  identical.  DNA 
can  be  produced  in  which  the  base  pairs  have  a  repeating  structure.  '  Por  long  poly¬ 
mer  DNA 'a  a  screw  axis  operation  is  a  symmetry  operation,  and  the  vibrational  normal 
modes  can  be  characterized  as  traveling  wave  phonon  bands.  We  have  used  standard 
lattice  dynamics  methods  to  calculate  these  phonon  bands.  The  polymers  can  carry 
out  many  biological  functions  and  one  can  learn  much  about  these  mechanisms  by 
studying  the  polymers. 

The  unit  cell  in  the  double  helix  is  still  large.  We  have  used  a  common  ap¬ 
proximation  which  asstates  that  all  hydrogen  atoms  are  rigidly  bound  to  their  bonded 
atom.  This  reduced  the  number  of  degrees  of  freedom  by  about  half.  Even  so  in  the 
simplest  polymers  the  secular  determinant  is  ;  120  x  120.  More  complicated  homo- 
polymers  exist  in  which  the  repeating  unit  cell  has  several  base  pairs  and  the  ma¬ 
trices  here  are  several  times  120  x  120. 

2.  Porce  Constants.-  An  Initial  estimate  of  the  force  constants  was  taken  from  re¬ 
fined  values  for  the  separate  chemical  entitles  which  make  up  the  bases,  backbone, 
etc.  The  choice  of  constants  followed  the  traditional  valence  force  field  choices. 
Calculations  were  made  and  the  force  field  was  refined  by  fitting  to  Raman  and  in¬ 
frared  data  on  the  vibrational  modes  of  the  helix.  The  sise  of  the  unit  call  re¬ 
quired  the  development  of  new  refinement  procedures.  The  Raman  and  infrared  data 
were  limited  to  frequencies  above  200*300  cm-1  and  only  fairly  strong  force  con¬ 
stants  such  as  compression  and  angle  bend  constants  could  be  refined  with  any  con¬ 
fidence.  In  addition  to  the  valence  force  field  constants  which  are  tied  to  chemi¬ 
cal  bonds  and  link  nearby  atoms,  we  have  also  studied  " nonbond ed"  interactions. 

Thass  interactions  are  important  in  determining  the  conformation  of  the  helix.  The 
acoustic  velocity  along  the  helix  was  determined  by  Brlllouin  scattering.  This  vel¬ 
ocity  was  fitted  for  several  modals  of  the  nonbond ed  forces.  The  results  indicated 
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that  long  range  (electrostatic  like)  forces  were  needed  to  explain  the  observed 
velocity.  These  long  range  forces  have  also  been  Incorporated  in  our  calculations 
of  the  phonon  bands  of  the  double  helix. 

3.  Soft  Modes.-  Conformation  changes  play  an  important  role  in  biological  pro¬ 
cesses.  We  have  used  the  method  of  soft  mode  analysis  to  explore  the  onset  of  con¬ 
formation  change.  The  double  helix  undergoes  a  B  -*■  A  conformation  change  when  the 
polar  nature  of  its  environment  is  reduced.  We  have  calculated  the  effect  of  re¬ 
duced  polar  shielding  on  our  electrostatic  nonbonded  interactions  and  found  that  a 
soft  mode  develops  in  one  DM  polymer  that  does  undergo  the  conformation  change. 

No  soft  mode  developed  in  a  polymer  that  does  not  undergo  the  transition.  The  soft 
mode  displacements  were  a  good  predictor  of  the  displaclve  changes  in  the  transi¬ 
tion. 

4.  Melting.-  In  some  biological  processes  the  base  message  of  DNA  is  pead.  This 
requires  a  partial  separation  of  the  two  strands  and  this  Is  called  melting  of  the 
double  helix.  Using  our  calculated  eigenvalues  and  eigenvectors  we  can  plot  the 
amplitude  of  the  stretch  of  the  hydrogen  bonds  that  hold  the  strands  together  as  a 
function  of  temperature  for  several  DNA  polymers.  We  have  established  an  empirical 
Llndeman's  law  of  helix  melting  based  on  these  amplitudes  and  comparisons  of  ob¬ 
served  melting  temperatures.  We  believe  that  this  can  be  used  to  explore  whether 
phonon  emission  by  enzymes  can  Influence  localized  melting  without  tbe  creation  and 
disruption  of  strong  cheartcal  bonds.  The  modes  involved  in  stretching  the  H-bonds 
are  at  ;  70  cm  1  In  our  calculations. 

5.  Local  Modes.-  The  double  helix  has  many  special  sites  which  act  as  initiators 
and  terminators  of  reeding  processes.  The  probability  is  high  that  these  regions 
have  unique  dynamic  properties  which  can  bring  about  altered  conformations  or  en¬ 
hanced  tendency  to  melt.  Unique  dynamic  properties  can  on  a  simpler  level  aid  in 
recognition  by  enrymea .  By  assuming  the  unique  feature  to  be  an  laipurlty  in  an 
otherwise  perfect  lattice  the  local  mode  Green  function  method  can  be  used  to  deter¬ 
mine  the  local  nodes  associated  with  the  unique  features.  We  have  carried  out  a 
local  mode  analysis  of  the  terminus  of  a  helix  by  putting  in  the  negative  values 
for  all  the  force  constants  that  connect  a  particular  two  base  pairs.  Knd  modem 
were  found  which  were  localized  to  the  first  few  base  pairs  from  the  terminus.  The 
hydrogen  bead  stretch  modes  were  effected  end  the  rms  amplitude  was  ;  2  times  that 
for  a  central  base  pair  indicating  an  enhanced  tendency  to  initiate  melting  from  a 
terminus. 

6.  Quasi  Momentum  Conservation.-  In  many  biological  processes  enzymes  move  along 
the  double  helix.  We  have  been  Interested  In  whst  cm  be  learned  about  such  pro¬ 
cesses  by  analysing  the  way  In  which  real  momentum  and  quasi  momsntum  are  conser¬ 
ved.  One  should  be  able  to  describe  the  processes  of  propulsion  In  terms  of  pro¬ 
cesses  by  Which  enzymes  zmit  phonons  into  the  helix.  One  very  Interesting  but  far 
out  speculation  has  arisen  in  this  context.  In  our  calculations  on  several  DNA 
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polymers  we  find  that  a  few  bands  occur  which  have  large  amplitude  of  H-bond 
stretch  associated  with  melting.  These  modes  have  negative  group  velocity  as  well. 
We  have  proposed  that  the  emission  of  wave  packets  in  these  bands  by  certain  en¬ 
zymes  may  be  responsible  for  both  the  propulsion  of  the  enzymes  as  well  as  aiding  in 
maintaining  and  propagating  a  melted  region  of  helix  near  the  enzyme.  These  phonons 
emitted  preferentially  in  the  forward  direction  would  both  increase  the  H-bond 
stretch  amplitude  and  cause  a  forward  recoil  in  the  emitting  enzyme  due  to  the 
negative  group  velocity.  From  the  calculated  band  energy  one  can  estimate  the  maxi¬ 
mum  momentum  vs  energy  and  very  small  amounts  of  energy  can  give  rise  to  more  than 
enough  motive  power.  The  energy  needed  is  much  less  than  energy  known  to  be  de¬ 
graded  during  processes  associated  with  enzyme  motion  in  which  high  energy  bonds 
are  dissociated  and  lower  energy  chemical  bonds  formed. 

7.  Interaction  with  Surroundings . -  The  double  helix  is  always  surrounded  by  vary¬ 
ing  amounts  of  water  and  counterions.  Removal  of  this  water  and  counterions  causes 
the  helix  to  denature  and  change  to  a  random  coil  conformation.  We  have  carried 
out  several  calculations  aimed  at  taking  into  account  the  effects  of  interaction 
with  water  and  counterions  on  the  vibrational  modes.  The  first  approach  has  been 
to  treat  the  water  as  a  continuous  fluid  whose  reponse  to  motion  is  governed  by  the 
Navler-Stokes  equations.  The  helix  is  treated  as  a  continuous  cylinder  with  vibra¬ 
tional  properties  determined  by  our  lattice  solutions.  The  motion  of  the  water 
boundary  layer  is  made  to  conform  to  the  motion  of  the  helix  boundary  and  the  self 
consistent  solutions  of  the  complex  are  solved  for.  The  results  indicate  that  the 
longitudinal  acoustic  mode  for  one  helix  in  much  water  is  critically  damped  below 
200  GHz.  Similar  calculations  for  many  stacked  helices  indicated  reduced  damping. 
Ana  ier  approach  we  use  is  to  calculate  the  behavior  of  water  near  a  helix  by  using 
molecular  dynamics  methods.  The  water  is  found  to  order.  We  plan  to  determine  the 
water  behavior  for  a  distorted  helix  which  mimics  the  oscillatory  motion  of  the 
helix.  Such  calculations  have  been  done  with  free  counterions  in  the  system  as 
well. 

8.  Microwave  Absorption.-  The  acoustic  modes  of  the  helix  span  the  microwave 
region  and  we  have  calculated  the  probable  absorption  because  of  the  concern  over 
genetic  hazard  of  microwave  radiation.  Using  our  solutions  for  DMA  in  water  these 
overdamped  modes  give  rise  to  a  broad  absorption  :  40  times  that  of  water  per  equi¬ 
valent  anas.  Observations  in  good  agreement  have  been  reported.  In  chromosomes 
the  DMA  is  wound  into  nudeosomes  which  can  be  resonant  structures  for  absorption 
into  acoustic  modes.  Little  water  is  present  and  the  damping  is  small.  We  calcu¬ 
late  that  nudeosomes  could  resonantly  absorb  at  :  50  GHz .  The  actual  rate  of  ab¬ 
sorption  is  still  unknown  as  ths  behavior  of  the  water  in  such  a  concentrated 
systan  is  unknown. 
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DYNAMICS  OF  PHONON  INTERACTIONS  IN  ORGANIC  SOLIDS 


P.N.  Prasad 

Department  of  Chemistry,  State  University  of  New  Tork  at  Buffalo,  Buffalo, 
New  York  14214,  U.S.A. 


Abstract.  -  Investigations  carried  out  on  three  aspects  of  phonon  interactions 
are  presented  in  this  paper.  The  phonon  dephasing  induced  by  anhamonic 
phonon-phonon  scattering  Is  investigated  by  temperature  dependence  of 
linewidths,  line shapes  and  frequencies  in  the  Raman  spectra.  The  dephasing 
of  phonons  in  organic  solids  is  found  to  be  primarily  caused  by  a  Ti- 
relaxation  involving  a  three-phonon  Inelastic  scattering.  Second/a  similar 
investigation  on  dephasing  of  vibrations  within  the  molecule  suggests  that 
for  these  intramolecular  vibrations  with  frequencies  greater  than  twice  the 
Debye  cut-off  frequency.  It  is  the  fourth-order  anharmonic  coupling  with 
phonons  leading  to  an  elastic  scattering  which  provide  the  dominant  mechanism 
for  dephasing  In  organic  solids.  Finally,  the  role  of  phonon  Interactions 
in  determining  solid  state  reactivity  is  discussed  and  a  new  concept  of 
phonon  assisted  reaction  is  Introduced.  A  thermal  intermolecular  reaction 
is  found  to  be  assisted  by  a  phonon  mode  softening.  A  photochemical  dimeriza¬ 
tion  reaction  is  shown  to  be  assisted  by  a  strong-electron  phonon  coupling 
In  the  excited  state  whereby  a  polaron  is  formed. 


Phonons  in  organic  solids  are  lattice  vibrations  derived  from  hindered 
external  motions  of  both  rotational  and  translational  characters.  Phonon  interac¬ 
tions  play  an  important  role  in  determining  physical  and  chemical  properties  of 
molecular  solids.1  This  paper  presents  the  results  of  investigations  on  three 
aspects  of  phonon  Interactions:  (1)  phonon  relaxation  and  dephasing  induced  by 
anharmonic  phonon-phonon  scattering;  (11)  phonon  Induced  dephasing  of  intramolecular 
vibrations  (relative  atomic  motions  within  the  molecule);  and  (111)  phonon 
assisted  solid  state  reactions. 

The  dephasing  of  an  optical  phonon  can  occur  by  two  mechanisms:  (a)  Ti -re¬ 
laxation  caused  by  an  inelastic  phonon-phonon  scattering  which  also  leads  to  a 
population  relaxation;  (b)  ^-relaxation  caused  by  an  elastic  phonon-phonon 
scattering  which  creates  only  a  phase  relaxation.  The  Ti-relaxation  can  occur 
by  both  third  and  fourth  order  anharmonic  interactions,  where  as  the  leading 
contribution  to  the  TJ-relaxation  Is  derived  from  the  fourth  order  anharmonlclty 
term.  We  have  Investigated  the  nature  of  Dhonon  dephasing  by  studying  the 
temperature  dependence  of  the  phonon  frequencies,  Tineshapes  and  linewidths  of 
optical  transitions  in  the  Raman  spectra  In  the  range  2°K  to  room  temperature. 

The  2°K  llnewldth  and  Uneshape  are  assumed  to  represent  the  0*K  limit.  To 
correct  for  the  finite  slit  width,  a  computer  convolution  simulation  program  was 
developed.  Such  a  study  for  the  33  cm'1  Raman  active  phonon  of  o-di chlorobenzene 
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shows  that  the  lineshapes  are  Lorentzian  at  all  temperatures.  The  linewidths 
(corrected  for  slit  width)  are  obtained  as  a  function  of  temperature.  A  theoretical 
fit  for  these  data  points  is  provided  by  a  model  which  assumes  a  Ti-relaxation 
of  the  optical  phonon  (33  cm'1)  into  two  phonons  of  half  the  frequency.  This 
fit  of  the  relaxation  into  such  a  simple  model  appears  to  hold  only  for  very  low 
frequency  optical  phonons  which  can  decay  into  acoustic  phonons  having  a  monotonic 
and  smooth-density  of  states  distribution.  In  the  case  of  naphthalene  optical 
phonons  (u»5ii  cm  2)  it  is  found  that  one  has  to  use  a  combination  of  Ti-relaxation 
processes  to  account  for  the  observed  temperature  dependence  of  the  1 inewidtn. 2 
In  structurally  disordered  crystals  it  is  found  that  the  phonons  still  remain 
delocalized  and  a  temperature  dependence  study  can  be  used  to  separate  the 
linewidth  contributions  due  to  disorder  and  that  due  to  anhartnonic  interactions. 

The  general  conclusion  of  this  study  is  that  the  dephasing  of  optical  phonons  in 
organic  crystals  occurs  predominantly  by  a  ^-relaxation  involving  cubic  anharmonic 
interaction  terms.  Also,  another  general  observation  is  that  the  higher  the 
phonon  frequency,  the  faster  is  the  relaxation  time.  This  result  can  be  explained 
by  the  increased  number  of  relaxation  pathways  which  become  available  at  higher 
frequencies. 

An  important  approximation  used  to  describe  the  lattice  dynamics  of  organic 
crystals  Is  the  rigid-body  approximation  which  decouples  the  external  lattice 
phonons  from  the  Intramolecular  vibrations.  Coupling  between  the  intramolecular 
vibrations  and  the  lattice  phonons  play  an  important  role  in  dephasing  of  the 
Intramolecular  vibrations  in  organic  solids.  Again  temperature  dependence  of 
the  linewidth,  the  lineshape  and  the  frequency  of  an  intramolecular  vibration 
observed  In  i'-e  Raman  spectra  is  used  to  investigate  the  vibrational  dephasing. 

It  is  found  that  for  a  vibration  whose  frequency  is  larger  than  twice  the  Debye 
cut  of  frequency,  the  depnasing  is  predominantly  caused  by  an  elastic  scattering 
with  phonons  Involving  a  mixed  mode  fourth  order  anharmonic  interactions.  This 
process  requires  population  of  phonons  and,  thus,  are  highly  inefficient  at 
liquid  helium  temperatures  giving  rise  to  sharp  spectral  transitions  of  intramolecu¬ 
lar  vibrations  at  the  liquid  helium  temperature. 

The  third  aspect  of  phonon  interactions  discussed  in  this  paper  is  the 
concept  of  phonon  assisted  reactions  introduced  recently  by  this  research  group.3 
This  concept  also  unifies  the  understanding  of  both  physical  and  chemical 
transformations  in  terms  of  Importance  of  phonon  interactions.  Ue  show  that, 
like  phase  transitions  In  solids,  a  thermal  reaction  can  be  assisted  by  mode 
softening  which  leads  to  overdamped  large  amplitude  oscillations.  Such  large 
amplitude  motions  can  provide  pathways  for  the  reaction  to  occur  especially  if 
the  reaction  Is  Interraolecular  In  nature.  The  case  of  thermal  rearrangement 
reaction  of  methyl -p-dlmethylaml nobenzene  sulfonate  which  Involves  an  Intermolecular 
transfer  of  a  methyl  group  was  Investigated  by  the  Raman  phonon  spectra.  The 
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softening  of  a  phonon  node  of  frequency  25  cm'1  was  observed  supporting  the 
concept  of  a  phonon  assisted  thermal  reaction.  Similarly,  a  photochemical 
reaction  (particularly  dimerization  and  polymerization)  can  be  assisted  by  a 
strong  electron-phonon  coupling  which  can  trap  the  excitation  as  well  as  provide 
a  preforraation  of  the  product  lattice  configuration.  The  photodimerization 
reaction  of  2,6-dimethylbenzoquinone  was  investigated.  The  6®K  electronic 
absorption  spectra  of  this  crystal  showed  most  of  the  Intensity  in  the  phonon 
side  band  as  compared  to  the  zero-phonon  line.  This  clearly  Indicated  the 
formation  of  a  polaron  due  to  strong  electron- phonon  coupling.  Thus,  the  reaction 
is  assisted  by  the  formation  of  a  polaron. 

Finally,  our  work  shows  that  phonon  spectroscopy  can  be  used  In  a  number  of 
practical  applications.  The  phonon  spectra  can  readily  be  used  to  identify 
various  polymorphs  of  a  solid  drug.  It  can  also  be  used  to  investigate  if  a 
reaction  proceeds  by  a  homogeneous  mechanism  where  the  reactant  and  the  product 
form  a  solid  solution. 
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HARMONIC  DYNAMICS  OF  ANTHRACENE  AND  NAPHTHALENE  CRYSTALS 
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Abstract.-  A  oat hod  has  baan  proposed  for  calculating  both 
the  dispersion  and  density  of  states  of  multimode  phonon 
spectrum  of  molecular  crystal. 

The  following  solution  of  the  dynamical  problem  of  anthracene 
and  naphthalene  crystals  is  based  on  the  method  advanced  by  Taddei  et 
al/1)  of  constructing  the  dynamical  matrix  in  the  basis  of  internal 
and  external  coordinates  of  a  free  molecule. 

Phonon  spectrum  in  T-point.-  Substitution  of  four  equations  of 
the  36th  (anthracene)  and  27th  (naphthalene)  orders  for  the  secular 
equations  of  the  I 44th  god  108th  orders,  correspondingly, enables 
exact  numerical  computation  of  the  dynamical  problem.The  computations 
resulted  in  obtaining  the  values  of  141  and  103  optical  frequencies 
at  q=0  and  revealed  considerable  gas-cryBtal  shifts  of  the  frequen¬ 
cies  (~20  cm-1  and  ~4  cm-*  for  out-of-plane  and  ln-plane  free  molecu¬ 
le  vibrations,  respectively).  The  values  of  factor-group  (Davydov) 
splittings  sere  determined  for  all  internal  modes 

Dispersion  and  density  of  Phonon  states.-  The  approach  to  the 
computation  of  dispersion  and  density  of  states  was  prompced  by  the 
mode  structure  of  the  eigenvector  matrix  in  T-point.  The  mode  struc¬ 
ture  was  found  to  be  nonuniform.  The  dominant  components  are  grouped 
near  the  diagonal  and  form  well-isolated  groups.  Hence  it  was  possib¬ 
le  to  divide  the  full  dynamical  matrix  into  7  for  anthracene  and  6 
for  naphthalene  blocks  that  join  large  groups  of  in  the  mo¬ 

de  structure  of  which  a  limited  basis  of  normal  coordinates  of  a 
free  molecule  prevails.  Thus,  the  replacement  of  the  I44tb-order 
equation  for  anthracene  and  the  I08th-order  one  for  naphthalene  by 
the  group  of  equations  of  no  higher  than  the  24th-order  permitted 
the  dispersion  mod  density  of  phonon  states  of  these  crystals  to  be 
calculated.  The  accuracy  of  this  method  proved  to  be  rather  high 
fig.I  shows  tne  results  of  calculating  the  phonon  dispersion 
of  anthracene  crystal  in  five  directions  of  BriUouin  sons  (K). 

■odes  that  are  symmetric  with  respect  to  the  two-fold  screw  axis 
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(  r  -* Z  )  or  to  the  glide  plane  (  r  -eB  and  r  -el  )  are  shown  in  so¬ 
lid  lines.  The  dashed  lines  in  these  directions  correspond  to  the 
asyanetric  modes. 


fig*  I  *  Dispersion  carves  and  density  of  states  of  anthracene-, 
crystal  in  the  following  energy  regions:  a)  0-300  oi“l 
b)  350-650  cm  x|  c)  650-  1050  cm1 


The  lo*-frequ*ncy  range  (.0-200  cm"1)  in  fig.  I  a  embraces  16 


branches  with  pronounced  dispersion.  Twelve  «f  then  are  originally 
connected  with  external  modes  and  four  with  two  internal  ones  (sym¬ 
metry  and  Au).  The  density  of  states  in  this  range  is  shown  by 
a  bxack-shaded  regional  The  density  of  states  (2)  oaloulsted  in  the 
rigid  molecule  approximation  is  shown  for  a  comparison.  Am  is  seen, 
the  inc separation  o t.  internal  mqdea  reconstructs  the  density  of  sta¬ 
tes  significantly.  Referring  to  Pig.!,  a  great  number  of  phonon  mo¬ 
des  hate  torn  Xae*er-#rowp  splitting  in  r-poiflt  and  considerable  dis¬ 
persion  over  BZ.  With  respect  to  the  optical  studying,  such  modes 
cm  he  termed  as  ths  nodeaotf  "ledantJ*  di»»eraie«u,She  calculated 
dispersion  curves  of  anthracene  oryatal  within  the  range  0-200  os,”1 
agree  qualitatively  well  with  those  obtained  experimentally  for  an- 
thrsoene-djQ  at  low  teaperature  ^ . 

The  densities  of  states  were  oaloulsted  over  1900  points  in  ths 
irreducible  (1/4)  pact  of  K  by  the  histogrw  method  via  1  cm"1 
(  see  figs.  2  and  3  )•  The  densities  wsightsd  on  ths  square  ampli¬ 
tudes  of  the  hydrogen  at  on  diaplaoements  have  been  calculated  as 
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as  well.  The  results  allowed  the  experimental  spectra  of  Inelastic 
Incoherent  neutron  scattering  of  the  both  crystals  at  low  tempera¬ 
ture  to  be  described  quantitatively  well  within  the  range  of  both 


external 


and  internal 


phonons. 


enttracms-d. 


Pig. 2  t  Density  of  states  of  the 
144-mode  phonon  spectrum 
of  anthracene  crystal 
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ACOUSTOELECTRIC  INTERACTION  IN  p-InSb  AT  LOW  TEMPERATURE 

J.D.N.  Cheeke  and  G.  Madore 

D6partement  de  Physique,  University  de  Sherbrooke,  Sherbrooke,  Prov.  Qutbec, 
Canada  J1K  2R1 


Abstract.  -  We  have  measured  the  ultrasonic  attenuation  in  p-InSb  in  the  range 
1  -  20  K  in  the  30  -  600  MHz  frequency  range  under  magnetic  fields  up  to  7T, 
concurrently  with  aagnetoreslstance  measurement s .  Both  the  relaxation  peak 
observed  near  10  K  and  the  low  temperature  field  dependence  are  governed  by 
the  piezoelectric  interaction  and  both  effects  are  in  good  agreement  with  the 
acoustoelectric  theory  of  Hutson  and  White. 


There  have  been  many  recent  ultrasonic  studies  of  resonance,  relaxation  and 
magnetic  field  effects  associated  with  absorption  by  impurities  in  p  type  semicon¬ 
ductors  at  low  temperatures  (1).  Our  first  results  on  p-InSb  were  Interpreted  in 
this  way  (1)  (2).  However  more  recent  results  to  be  presented  here  suggest  that 
the  relaxation  and  low  temperature  magnetic  field  effects  observed  in  this  system 
are  If  fact  due  to  a  piezoelectric  interaction  with  free  or  bound  carriers. 

The  experiments  were  carried  out  in  the  usual  way  with  a  Matec  6600  system 
and  PAS  two  channel  Boxcar  Integrator.  LifliO]  30  MHz  transducers  were  grease  bonded 
to  the  polished  faces  and  a  double  calorimeter  was  used  for  temperature  stability 
and  control.  Experiments  were  carried  out  on  Ge  doped  InSb  specimens  with  concen¬ 
trations  of  1014,  2.1015  and  8. 101 6  cm-3.  Only  the  first  will  be  discussed  here, 
the  second  showing  similar  results  and  the  third,  which  appears  to  be  degenerate, 
shows  no  unusual  behaviour. 

Typical  results  for  the  relaxation  peak  are  shown  in  Figure  1.  The  peak 
height  and  position  scale  with  u,  such  that  wr-l  with  t  -  t0(B)  eA^ST,  A  -  10  meV, 
as  described  previously  (2).  Looking  at  all  the  pure  modes,  ws  have  found  such  a 
relaxation  peak  only  for  the  two  piesoelectrlcally  active  modes  in  this  system;  a 
typical  non  piezoelectric  mode  behaviour  Is  also  shown  id  Figure  1.  The  peak  posi¬ 
tion  is  very  sensitive  to  applied  magnetic  field  and  cSn  be  shifted  upwards  by 
about  3i  by  application  of  FT  (2).  Previous  resistivity  measurements  (2)  also 
showed  that  above  Shone  F*  the  sample  is  In 'the  «x'  Conduct idd  regime  due  to  fisc 
holes  in  the  Valence  'bond.  this  strongly  suggest! "the  possibility  of  s  ptetoelec- 
tric  interaction  bStoien  the  dlttasonid  wave  aadths  free  holes,  a  Situation  Which 
has  been' studied  in  the  ecoudtoelSctric  effect  oh  the  baits  of  the  theory  Of  lot eon 
end  Okies  (3j.  Id  pertieutir  do*  to  bancMmg  Of  eh*  charge  carriOre  sad  thOir 
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subsequent  relaxation,  a  relaxation  peak  is  predicted  by  this  theory,  of  the  form: 

_  f  K2<i)„  \  | _ 1 _ I  where  K2  =  electromechanical  coupling  coefficient, 

\2 

V 

V  =  sound  velocity,  u  *  o/e  ■  dielectric  relaxation  frequency,  a  "  d.c.  electri- 

80  C 

cal  conductivity,  e  *  static  dielectric  constant,  at  =  applied  angular  frequency, 
nip  *  Vao2/D,  D  *  pkgT/e,  the  Einstein  relation  with  u  *  carrier  mobility.  The  im¬ 
portant  term  in  the  relaxation  is  that  involving  and  to  first  approximation  this 
gives  a  simple  relaxation  t  =  b>c~l .  This  corresponds  roughly  to  what  is  observed 
although  there  is  some  trouble  with  the  magnetic  field  dependence  of  the  prefactor 
of  t.  Using  known  values  of  the  above  parameters  and  using  a  mobility  determined 
from  the  77K  Hall  effect  measurements  a  numerical  calculation  gives  good  agreement 
between  the  above  expression  and  Che  experimental  results  as  regards  peak  attenua¬ 
tion  and  frequency,  temperature  and  magnetic  field  dependence. 
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Figure  1 


Figure  2 


It  is  now  interesting  to  regard  the  low  temperature  behaviour  (T  <  7K)  where 
the  mobile  carriers  are  thermally  frosen  out  and  the  electrical  conduction  la  by 
bopping  of  carriers  bates sn  compensated  impurity  sites.  In  this  temperature  region 
wa  observe  am  important  decrease  of  attenuation  with  applied  magnetic  field.  Aa 
ladtcatad  for  onaeeee  la  Ffgera  2  tt}ia  magnetic  field  effect  fellows  the  same  se- 
leotism  rule  as  for  the  gglamstlom  peak*  Wa  .thus  deface  that  the  interaction  eeche- 
alem  ia  again  Plaaoafaetgla,  althc-gb  a  numerical  calculation  clearly  shows  that 
this  attmpatjam , dagregy , fa  fat  fa  falaf  the  ralaaatiom  peak.  Ia  fact  the,  , . 
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situation  corresponds  physically  to  that  described  by  Chaikovskll  and  Gltis  (4), 
who  Modify  the  Hutson  and  White  treatment  for  the  case  of  hopping  conduction.  For 
<i>  >  uc  this  gives  a-  cte  o.  At  present  it  is  not  easy  to  test  this  relation  re¬ 
garding  the  temperature  dependence  as  this  is  quite  weak  and  the  residual  attenua¬ 
tion  is  unknown.  However  the  magnetic  field  variation  of  the  attenuation  is  in 
good  agreement  with  that  estimated  from  the  above  expression  although  at  present 
we  only  have  results  for  the  DC  magnetoresistance.  The  crucial  test  will  be  pro¬ 
vided  by  comparing  the  field  dependence  of  the  attenuation  with  the  ac  magnetore¬ 
sistance.  This  study  is  currently  being  undertaken. 

In  sumnury  the  present  results  sre  in  good  agreement  with  the  acoustoelectric 
theory  for  interaction  with  free  and  hopping  charge  carriers.  Further  experiments 
are  In  progress  In  an  attempt  to  distinguish  unequivocally  between  this  model  and 
that  Involving  absorption  by  isolated  impurity  centres. 

This  work  was  supported  by  the  Natural  Science  and  engineering  Council  of 
Canada  and  the  Groupe  de  Recherches  sur  las  aemiconducteurs  et  di€ lectrlques.  We 
are  grateful  to  A.  Hlkata  for  participation  in  some  of  the  early  experiments. 
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ORIENTATIONAL  DYNAMICS  OF  SULPHATE  IONS  IN  POTASH  ALUM 

A.K.  Sood,  A.K.  Arora,  S.  Dattagupta  and  G.  Venkataraman 

Reactor  Research  Centre,  Kalpakkam  603  102,  Tamil  Nadu,  India 


Abstract.-  The  Ag  internal  mode  of  sulphate  ion  in  potash  alum  is 

studied  by  toman  scattering  as  a  function  of  temperature.  Our 
data  suggest  that  over  and  above  the  thermally-activated  reorien¬ 
tations  of  sulphate  ion,  there  is  an  additional  orientational 
relaxation  mechanism  which  has  its  origin  In  cooperative  inter¬ 
action  between  sulphate  ions. 


1.  introduction.-  In  potash  alum  (KA1  (SO^  >2«  12  ^  O),  the  sulphate  ion 

has  two  orientations1  with  the  S-0  bonds  pointing  towards  M.3+or  K+ 
with  probabilities  pt  or  p2  (p1>  p2  ).  This  causes  a  splitting  of 
the  internal  mode  of  the  sulphate  ion  into  two  lines2’3  near  990 

On-1.  m  this  paper,  the  area  ratio  i.e.  the  ratio  of  the  number  of 
sulphate  ions  in  the  two  orientations  is  studied  as  a  function  of 
temperature  to  unravel  features  related  to  reorientations. 

2.  Experimental.-  angle  crystals  of  potash  alum  were  cut  perpendi¬ 
cular  to  the  (100  )  axis  into  a  parallelopiped  of  approximate  size 

3 

6X6X5  (mm)  .  lhe  details  of  the  toman  spectrometer  are  same  as 

4 

reported  earlier  •  The  experiments  were  done  at  24  different  tempe¬ 
ratures  between  297  K  and  93  K. 

3.  tosults.-  Figure  1  shows  the  area  ratio.  At  297  K,  we  obtain 
(pi/p2  )  *  2.46  _+  0.08,  in  agreement  with  x-ray  studies1. 

Jh  order  to  interpret  the  data,  wer assume  first  that  ions  make 
thermally  activated  jumps  between  the  two  orientations  at  rates 
ph 

\2  -  exp  (-  E'/k  bT),  (1) 

£  -  H, #xp  “L(e'”e)/,'b^  ,  (2) 

where  ISQ,  are  the  attempt  frequencies.  E  is  the  energy  separa¬ 
tion  between  the  two  orientational  potential  minima,  and  E’  is  the 
barrier  height  as  seen  from  the  bottom  of  the  deeper  well  (see  Figure 
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T  (K) 


Fla.  1  :  Area  ratio  as  a  function 
of  temperature.  The  dots  are  the 
observed  values.  The  dashed  line 
corresponds  to  eq.  (J)  ( Jr  =  0  )  and 
the  solid  line  is  based  on  a  model 
whichr includes  a  temperature- 
independent  relaxation  mechanism 
(i.e.  y  0  ). 


ph  ph 

2  ).  Ftom  detailed  balance,  p^  -  p^  ,  whence 

In  (p1/p2  )  =  Cbnst.  +  H/k  0T  (3  ) 

The  dashed  line  in  figure  1  shows  that  (3)  is  obeyed  for  T  >240  K 
but  is  inadequate  at  lower  temperatures. 


Fig.  2  :  Schematic  drawing  of 
the  angular  dependence  of  the 
potential  well  in  which  (SC^)2- 
ions  reside.  1  and  2  refer  to 
the  two  orientations  of  the 
ion. 


The  Arrhenius- type  approach  being  inadequate,  we  now  postulate 
the  existence  of  an  additional  temperature-independent  reorientation 
mechanism,  and  write  the  rates  as 
Ph  v 

*<12  "  *12  +  ■  and  *^1 

A  plausible  physical  origin  of  Y  is  discussed  in  9ection  5. 


P*  ^ 


(4) 


4.  Asian  line  shape.-  R>r  the  ^  internal  mode,  the  itaman  line  shape 
is  proportional  to 
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P(cO)  =  j  dt  exp  (r-iiot)  <(q(o)  Ott)"), 


where  Q  denotes  the  vibrational  coordinate.  Owing  to  the  random 
jumps  of  the  two  possible  orientations,  the  vibrational  frequency 
of  the  ^  mode  fluctuates  between  and  (A,.  Fbr  this  situation. 


the  line  shapes  can  be  calculated  from 
z 


fiu>)= 

«4,k*J 


(S) 


After  including  the  effects  of  anharmonicity  and  instrumental  reso- 
4 

lution  ,  eq.  (5  )  along  with  (1 ),  (2  )  and  (4  )  were  used  to  compute 

the  line  shapes  and  also  the  area  ratios.  The  parameters  which 
resulted  in  good  agreement  for  the  line  shapes  are  :  V0  -  ~ 

3  X  1011  sec"1,  E  =  0.527  KCal/mole,  E'  =  1.239  KCal/mole  and 

/  Q 

1  *  1.65  X  10  sec  .  The  area  ratio  extracted  by  such  an  analysis 
is  shown  with  a  solid  line  in  figure  1.  dearly  it  represents 
better  the  observed  ratios. 

5.  Origin  of  .-  Wfe  now  consider  the  origin  of  Y  .  As  discussed 
in  detail  elsewhere**,  conceivably  arises  due  to  a  flip-flop  relaxa¬ 
tion,  i.e.  when  ion  i  makes  the  orientational  jump  1-2  (say  ), 
another  ion  }  simultaneously  makes  a  reverse  jump  2-1.  Calculations6 
show  that  flip-flop  mechanism  does  lead  to  a  temperature-indepen¬ 
dent  rate 
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SELF-CONSISTENT  PHONON  CALCULATIONS  IN  SOLID  NITROGEN 


T.  Wasiutynslci 

Institute  of  Nuclear  Physics,  Krakow,  Poland 


ibitoMt.  -  Fhrara  oalonlatlon  is  the  nlf-oMfl« 
ippralutlM  »«r«  p*rforn*d  f*r  tonporatnro  rang* 
**r*  pmiut  and  f*r  pniMTM  rug*  O-lO,  Atari 
par  an*  tor*  of  the  iatameloenlar  pat  ant  1*1  at  tba 
fan  Mr*  optlalMd. 


%  barnanlo 
w  40  K  at 
II.  At 
r  -  ataa 


1.  lhi*l.  -  On  tb*  basis  af  tb*  *arll*r  formalatod  s*lf-o«ii*l*t*nt 
phanan  approximation  for  tb*  aolMtlar  crystal*  /l/  ••  *t*dl*d  solid 
nitrogen  at  different  t*ap*rat*r*s  and  praaauraa.  Tb*  opprorlaatlan 
1*  essentially  tb*  *an*  aa  f*r  tb*  atanl*  crystals  /2/  regardless 
tb*  faot  that  «*  bar*  bar*  thr**  extra  r • tat 1 anal  degrees  of  fr**doa 
for  *aeh  n*l*eal*.  Tba  banwalo  eqmatlon  of  notl*n  1*  solved  with 
tb*  *ff*otle*  potential  sbleb  1*  given  by  tb*  convolution  of  tb* 
bar*  potential  slth  ganaatan  distribution  fanetlan.  Tb*  «ldtb  of  tbo 
g  nasal  an  1*  glean  by  tbo  Inear**  af  tb*  dl*pl— want  dl*plaoanant 
o*rr*latl*n  fanetlan.  Sine*  tba  latter  dap* ad*  an  tb*  pb*n*n  fra- 
fnenel**  an •  ba*  to  **iea  tb*  *f nation*  a* If eon* latently. 


<V(R*u(> 


S  JVr*  V(R  ♦  R‘)  exp[-i  R’^Rp  <uu>£p] 


(1) 


A*  tba  bar*  p*t*ntlal  T(r)  w  a**  tb*  anplrleal  at  an- at  an  potential 
•f  tbs  "®-*xp"  f*rnt 

V(R)  *  A  exp(-BR) -CR'6  (*) 

Ibn*  anplrliaat  paean*  t  ar*  At  »  «■  0  Mr*  *ptlnl**d  In  *rd*r  t*  g*t 
tb*  proper  ldttti**  eebntant  i  a  S.M  1  at  T  >  If  X,  lattio*  energy 
1  »  1.T3  koal/Ml*  and  tb*  best  overall  agraanant  af  tb*  pb*ndn  fro- 
fnsnai**  at  f  •  0  la  tb*  enblo  pbaa*.  Tba  fall**  of  tb*  par  an* tor* 
ar*  listed  In  tabl*  1  t*g*tbar  oltb  tba  redbntly  pabllsbpd  para- 
no  tors  fr*n  tb*  ab-»inltl*  oal*«latl*M  /a/.  A*  *na  oaa  Am  fr*n  that 
tabl*  tb*  t«*  sot*  d*  net  differ  eery  na*b.  Tba  alt*  *ra  of  k*al 
lwalMo  Mi  t 


V  >  ,  ’ 
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Tablo  1 


A 

B 

C 

ab-lnltlo  /3/ 

128645 

183TT0 

4.0 

4.037 

383 

361 

2.  Bnalti.  -  Tho  oMptrlion  of  tho  coloulatod  and  oxporlnontal  /«/ 
phonon  froqnonoloo  In  on**1  at  q  -  0  for  tho  oc  -*2  to  ahoon  In 
tnblo  2. 


Tablo  2 


Sjmnotry 

Kxporlnont 

Prosoat 

ab-lnltlo 

T-16  X  /4/ 

oaloalatlon 

oolenlotlon  /h/ 

*1 

32.3 

38.1 

30.5 

36.3 

42.8 

48.5 

58.7 

51.8 

70.3 

*n 

46.8 

48.5 

48.8 

*o 

48.4 

51.7 

48.4 

\ 

54.0 

57.3 

65.5 

\ 

60.4 

75.3 

72.0 

Tho  toaporotnro  dopondonoo  of  tho  lnttleo  oonotont  and  two  phonon 
nodoot  ono  of  tho  translational  and  ono  of  tho  rotational  oharaotor 
aro  shonn  on  fignros  1  and  2* 


MPERATURE  (K) 


fl«.  H  Toaporotnro  dopondonoo  of 

tho  lattloo  oonatant  in  «-f.,  ft. 
porlnoatal  points  iron  /•/. 


Tin.  2i  Toaporotnro  dopondonoo 
of  tho  loooat  L  and  T*  nodos. 
feporlnoatal  points  on  l  /7/ 
and  an  Ta  fran  /%/.  « 


a 
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Table  3  shows  tbe  comparison  batman  calculated  and  experimental 
pbonen  frequencies  in  on**1  at  q  a  0  far  different  preaaarea  in  t  ->2 

Table  3 


Synnatry 

p  ■  4  kbars 
exper  /9/  oalo 

p  a  8  kbars 

exper  A/  oalo 

p  a  8.78  kbars 
ozpar  /9/  oalo 

*g 

84.2 

88.6 

88.4 

61.4 

64.0 

72 

> 

97.2 

82.3 

103.6 

86.3 

114.4 

99 

^2g 

97.4 

-  102.3 

- 

119 

■u 

-  88.8 

-  71.9 

- 

84 

>1. 

-  110.9 

-  116.7 

mm 

137 

3.  hlaaaaalen.  -  Tbe  temperature  dapandanoe  praaantad  in  flgnres  1 
and  2  shows  qualitatively  goad  agraanant  with  the  experimental  data. 
One  baa  ta  notion,  however,  that  the  oaloulatad  thermal  expanaion  la 
bigger  than  the  neaaured  ana.  The  apposite  situation  takas  plaoe  in 
the  oasa  of  the  temperature  dapandanoe  af  the  rotational  node  B(.  As 
a  oanolnslen  we  oan  say  that  different  anharnanio  tarns  eoatrlbnta 
ta  those  two  phenomena.  Another  paint  with  mentioning  hero  is  that 
the  lntemoleoalar  potential  derived  far  the  oablo  phase  la  alas 
valid  for  high  pressure  tetragonal  phase.  Usually  thia  la  the  weak 
point  beeanse  of  the  difficulties  with  precisely  dote raining  the 
repulsive  part  of  the  lntaraoleonlar  potential. 
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LINEAR  CHAIN  MODELS  AND  SOUND  VELOCITIES  IN  MOLECULAR  ORGANIC  CRYSTALS 


C.  Ecolivet 

Groupe  de  Physique  Cristalline,  E.R.A.  au  C.R.R.S.  n°07001S,  University  de 
Rennes ,  Campus  de  Beaulieu ,  ZS042  Rennes  Cedex ,  France 


Abstract  Longitudinal  sound  velocities  in  crystals  of  elongated  aromatic 
molecules  have  been  measured  by  Brillouin  scattering  and  are  found  to  be 
faithfully  described  by  a  simple  linear  chain  model,  whereas  a  similar  beha¬ 
viour  is  observed  for  compressibility  and  thermal  expulsion,  h  particular  at¬ 
tention  has  been  paid  to  the  p- polyphenyls  and  polyaoenes  series. 


.1.  INTRODUCTION  Despite  the' width  of  the  aromatic  rings  t  p-po lypheny 1 s  and 
polyacenes  are  good  examples  of  chain-like  molecules  which  crystallizes  in  parallel 
stacks,  themselves  parallel  to  the  molecular  iong  axis.  This  kind  of  stacking  is  far 
from  being  unusual  in  molecular'  auid  specially  in  flat  molecules  crystals  which  most 
of  the  time  belong  to  the  monoclinic  P  2j/a  symmetry  group.  Hiis  is  exactly  what  hap¬ 
pens  for  naphtalene,  biphenyl,  dibenzyl  and  many  others. 

Me  will  consider  here  a  simple  chain  model  for  crystals  of  molecules  composed 
of  a  various  number  of  aromatic  rings  and  look  at  the  sound  longitudinal  velocities 
along  the  stacking  direction,  intra  and  intermolecular  bonds  will  be  represented  by 
springs  of  force  constants  reap.  Kj  and  K^. 

2.  LONGITUDINAL  SOUND  VELOCITIES  IN  p-POLYPHENYLS  «n d  POLYACENES  Utt  us 


Nt  K« 

•**  ~0j0"0~Q”0~T0- 

«,  «,  K, 

000-000 


consider  first  the  p-polyphanyls  which  are 
represented  on  Fig. 1  as  a  function  of  the 
molecular  ring  nuebar  i  the  CQ  parameter 
being  the  length  of" the  crystallographic 
period. 

It  can  be  shown  very  easily  that 
the  longitudinal  sound  velocity  alonb  the 
molecular  long  axis*can  be  written  for  a 
molecule  with  n  rings  as  > 


Fig,  1  Polyphenyls  chain  model  for  longi¬ 
tudinal  wave  propagation. 


Where  H.  is  the  ease  of  the  eolecula . 
n 

The  fcj  value  can  be  obtained  from  I.R.  experiments  on  biphenyl  which  frequen¬ 
cy  mode  la  about  334  cm-1  this  gives  Xj  =  450  N/m.  He  report  in  Table  2  the  Xj  values 
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obtained  at  300  K  and  5  K  of  the  3  first  elements  of  the  polyphenyls  series  from 
sound  velocities  obtained  by  Brillouin  scattering  ( S  • 


n 

2 

3 

4 

Cn<A) 

MSB 

13.62 

17.85 

NAMn(g) 

mSM 

230 

306 

V  (m/s) 

3940 

4730 

5210 

300  K 

n 

^(N/m) 

4.49 

4.60 

4.32 

HI 

V  (m/s) 

4650 

5440 

6010 

E 

tyN/m) 

6.11 

6.08 

5.75 

Table  1  intermolecular  force  constant  K2  for  biphenyl  p-terphenyl, 
p-quaterpheny 1  at  room  temperature  and  near  liquid  helium 
temperature . 

We  see  on  this  table  an  excellent  agreement  at  low  temperature  when  vibra¬ 
tions  are  more  harmonic,  it  is  also  noticeable  that  the  effect  of  Kj  is  negligible 
and  it  should  only  be  detectable  for  n  >  10. _ 


n 

2 

3 

1 

• 

MM 

C„(A) 

8.66 

■ 

a)  TESLENW)  (2} 

b)  AFANASSIEVA 

WD 

130 

HB 

Vn(m/s) 

3540® 

3620b 

3860C 

c)  HUNTIHGT0H  (3) 

tyN/m) 

3.55 

3.71 

3.54 

Table  2  Intermolecular  force  constant  *2  for  naphtalene  and  anthracene 
at  room  temperature. 

Table  2  give  the  same  results  taken  from  ultrasonic  measurements  previously 
reported  in  the  litterature  for  the  2  first  elements  of  the  polyacenes  at  room  tem¬ 
perature. 

Prom  these  data  one  can  clearly  see  that  these  organic  crystals  which  look 
rather  complicated  can  be  surprisingly  well  described  by  simple  chain  models  1  mo¬ 
reover  these  models  also  describe  the  effect  of  deuteration  and  the  absence  of  sound 
velocity  variation  in  directions  perpendicular  to  the  chains  when  n  varies. 

3.  COMPRESSIBILITY  and  THERMAL  EXPANSION  ANISOTROPIES  The  linear  coepres- 
aibility  B  which  can  be  expressed  as  a  function  of  the  elastic  compliance  moduli 
Sik  wrtt*8  d°wn  for  monoclinic  crystals 

8  “  V x  +  A2 nl  *  A3 ",  +  *5nxns 
whers  -  I 

Por  all  the  crystals  studied  here  experimental  data  show  the  same  anisotropy 
for  compressibility  end  thermal  expansion,  a  counter  exeaple  found  in  the  litters- 
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ture  was  dlbenzyl  and  it  motivates  a  new  determination  of  its  elastic  properties, 
for  the  maximum  of  compressibility  found  along  the  molecular  long  axis  looked  ra¬ 
ther  unealistic.  Structure,  sound  velocities  compressibility  and  thermal  expansion 
in  the  (a,c)  plane  can  be  seen  on  figure  2. 


_2  structure,  sound  velocities,  linear  compressibility  and  thermal  expansion 
(left  to  right)  of  dibenzyl .  the  dashed  curve  in  the  center  diagram  is  re¬ 
lated  to  the  transverse  mode  polarized  along  t>,  whereas  the  dotted  line  in 
the  right  diagram  corresponds  to  the  thermal  expansion  a ( .25  10~3  K~1  per 
division)  and  the  other  curve  to  the  linear  compressibility  (15.i0~12  m2 
M~ 1  per  division) 


This  is  a  typical  example  of  the  results  we  can  expect  for  such  kind  of  crys 
tale  where  the  forces  have  a  short  range  nature. 
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MULTIPHONON  PROCESS  IN  NiS04<6H20 

L.S.G.  Cancels*,  J.G.  Ramos  and  G.M.  Gualberto  x 

Instituto  de  Fisioa  Gleb  Watagkin ,  UNICAMP ,  13100  Campinas,  SP.,  Brasil 


Abstract.  -  He  have  measured  the  Raman  snectrun  of  B2  phonons  in 
NISO4 .  6H2O  as  a  function  of  temperature  in  the  ranee  80k  to 
300K.  One  of  these  line  (42cn“l  at  T=300K)  has  a  temperature 
dependence  of  its  intensity  characteristic  of  difference 
combination  of  two  others  phonons.  Another  line  of  the  same 
symmetry,  which  would  be  the  sun  combination  of  those  two 
phonons,  has  a  temperature  dependence  of  its  intensity 
characteristic  of  an  one  ohonon  line. 


1.  Experiment .  -  The  single  crystals  of  nickel  sulfate  used  in  these 
experiments  were  grown  at  a  temperature  of  38°C  from  a  saturated 
solution.  Using  the  Laue  technique,  we  verified  that  the  crystals 
grow  along  the  [  001J  direction  in  the  form  of  a  truncated  pyramid 
with  the  a  and  b  axes  parallel  to  the  edges  of  the  base.  The  A 

and  B  faces  of  the  crystal  were  nolished  using  cerium  oxide  and 

mineral  oil  while  the  C  face  was  obtained  by  cleaving  the  sample. 

Since  the  crystal  is  hygroscopic,  the  snectra  are  obtained  soon 

after  the  crystal  is  polished.  The  source  used  was  the  48880A  line 

of  an  argon  laser  since  we  confirmed  that  the  absorption  of  this 

crystal ^  is  lowest  around  this  line.  The  power  used  was  limited 

to  50mW  since,  with  larger  powers,  the  crystal  soon  becomes  opaque 

The  scattered  light  was  analyzed  with  a  double  spex  monochromator 

equipped  with  F.W.  130  photomultiplier.  For  measurements  ranging 

from  80K  to  300K  the  sample  was  mounted  in  a  cold  finger  Dewar  with  a 

(2) 

temperature  control  of  t  IK.  In  this  work  the  usual  Raman  notation 
z(xy)x  was  used,  corresponding  to  Bj  phonons.  Raman  spectra  using 
several  other  symmetries  were  presented  elsewhere  where  the 
anomalous  temperature  behavior  of  the  42cm  *  of  the  Bj  mode  was 
reported. 

2.  Results.  -  In  Fig.  1  we  show  the  Raman  spectrum  of  NiS04.6H20 
obtained  using  z(xv)x  geometry.  He  note  that  the  temperature 
behavior  of  the  two  (A  •  B)  lines  of  B2  symmetry  are  different. 

*  On  leave  of  absence  from  Depto.  de  Fisica,  UFPa. 

*  CHFq  Research  Fellow 
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In  Fig.  2  we  present  the  temperature  dependence  of  the  Stokes 
intensity  of  the  low  frequency  B2  line.  This  behavior  suggests  the 
combination  Dhonons  process,  in  the  figure  we  also  present  the 
plotting  of  expression'  n(v  )ln(v.  )  +  1]  ,  where  v  =92cm  and 

—  i  AO  A 

vb=50cm~  ,  which  is  the  intensity  temperature  dependence  of  a 
difference  combination  of  two  phonons. 


Fig.  2  Temperature  dependence  of  the 
Stokes  intensity  of  the  line  A  compared 
with  a  difference  combination  process. 


In  the  Fig.  3  we  compare  the  tergserature  dependence  of  the  two  lines 
(A  •  B)  of  the  Bj  symmetry.  We  should  note  that  the  high  frequency 
line  has  a  behavior  which  is  characteristic  of  one  phonon  processes. 
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Fig.  3  Temperature  dependence  of  the  Stokes 
intensities  of  the  lines  A  and  B. 


Discussion .  -  Our  results  (Fig.  2)  show  that  the  B2  line  which  appears 
at  42cm-^  (A)  at  room  temperature  has  a  temperature  dependence  of 
its  Stokes  and  anti-Stokes  intensities  characteristic  of  a  difference 
combination  of  two  phonons.  The  best  fit  of  the  experimental  data 
gives  92cm-1 and  50cm-1  for  the  two  phonon  frequencies  Involved  in  that 
difference  combination.  This  behavior  is  characteristic  of  crystals 
containing  molecular  groups,  as  is  the  one  under  study ^ .  The  sum 
combination  of  these  two  phonons,  another  B2  phonon  at  142cm-1  (B)  at 
roam  temperature,  is  also  observed;  however  the  temperature  dependence 
of  its  intensity  is  characteristic  of  an  one  phonon  process.  This 
could  be  due  to  accidental  degeneracy  of  the  two  phonons  combination 
with  an  one  phonon  line. 
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INTERNAL  AND  EXTERNAL  PHONONS  IN  MONOCLINIC  TETRACYANOETHYLENE 


S.L.  Chzplot* **,  A.  Mierzejevski*^  J.  Lefebvre*,  G.S.  Pawley* and  T.  Luty** 

* Department  of  Physios,  University  of  Edinburgh,  Scotland 
*1-4,  Technical  University  of  Wroctau,  Wrootau,  Poland 
UILL,  Grenoble,  Prance 

^Nuclear  Physics  Division,  Bhabha  Atomic  Research  Center,  Bombay,  India 


Abstract.-  Dispersion  curves  of  12  external  and  10  Internal 
phonon  modes  have  been  measured  in  the  a  ,  r  and  c*  direc¬ 
tions.  The  internal  dispersion  curves  correspond  to  the  5  low- 
frequency  vibrations  of  the  free  molecule  and  they  exhibit 
a  significant  proportion  of  lattice  mode  character  involving 
both  translational  and  librational  motions.  Recent  lattice 
dynamical  calculations,  in  which  several  internal  modes  are 
included,  have  yielded  neutron  scattering  cross-sections 
which  have  made  possible  to  assign  the  observed  molecular 
vibrations. 


1.  Introduction.-  Tet racy ano ethylene  /DOME/,  one  of  the  most  com¬ 
mon  acceptors  in  electron  donor-acceptor  /EDA/  complexes,  forms 
two  crystalline  phases,  monoolinic  (P2.j/n)  stable  above  292  £  and 
cubic  (lm3)  stable  below  this  temperature.  Vanning  the  cubic  phase 
causes  the  transition  to  the  monoclinic  structure,  but  this  phase 
can  be  cooled  down  to  helium  temperatures  without  a  reverse  tran¬ 
sition,  enabling  inelastic  neutron  scattering  experiments  to  be 
made  at  the  most  favourable  temperature.  The  measurements  of  phonon 
dispersion  curves  are  complete  in  the  low  frequency  range,  0-6  THs 
and  are  presented  here.  As  the  TONE  molecule  has  many  internal  vi¬ 
brations  at  low  frequencies,  it  is  essential  to  include  the  vibra¬ 
tions  in  calculations  of  one-phenon  neutron  scattering  cross-sec¬ 
tions.  Here,  we  report  shortly  a  model  for  the  same. 

2.  Experimental.-  The  crystal  of  monoolinic  TOW  of  about  9  cm? 
was  grown  by  the  vapour  deposition  technique  and  slowly  cooled  to 
3  £  (l  0.3  at  rate  of  10  g/hottr.  The  phonon  dispersion  curves 
have  been  measured  at  the  Institute  Laue-Langevin  on  the  triple 
axes  spectrometer  I U3.  Focussing  monochromators  of  pyrolitio  gra¬ 
phite  (002)  and  Cu  (ill)  were  used  in  the  low  and  high  frequency 
region,  along  with  pyrolitio  graphite  (002)  analyser.  Graphite  (002) 
filter  was  used  in  either  the  incident  or  scattered  beam  as  conve¬ 
nient.  The  EfHli  in  a  vanadium  scan  was  0.1  THs.  The  crystal  was 
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oriented  in  a*b*,  b* c*  and  c*a*  planes  in  different  experiments* 
Constant  ^  scans  were  usually  employed  with,  constant  £  scans  in  a 
few  cases* 

Results  of  the  measurements  are  shown  on  Figure  1*  Most  of 
the  phonon  frequencies  are  confirmed  to  within  0.05  THz.  All  the 
zone  centre  frequencies  are  well  confirmed  and  assigned  experimen¬ 
tally  using  group  theoretical  selection  rules*  She  dispersion  of 
the  highest  frequency  branch  in  a*  direction  needed  special  atten- 

H  It 

ti on.  This  unusual  dispersion  has  been  confirmed  in  both  a  b  and 
a*  c*  orientations)  however,  its  origin  has  to  be  further  investi¬ 
gated* 

3*  Theory.-  The  external  and  lowest  internal  phonon  dispersion  re¬ 
lations  have  been  calculated  for  a*,  b*  and  c*  directions,  within 
an  extended  lattice  dynamical  model.  The  secular  equation, 

D  (  q)  U  (q)  =  ^2(q)  js  U  » 

has  been  solved.  The  26  x  26  /with  7  free  molecule  vibrations  in¬ 
cluded/  dynamical  matrix  has  been  constructed  from  the  second  deri¬ 
vatives  of  the  crystal  potential,  assumed  to  be  the  sum  of  an  ex¬ 
ternal  and  an  internal  part.  The  internal  potential  contributes  to 
the  self  force  constant  only  and  is  related  to  the  free  molecule 
internal  frequencies.  The  contribution  to  the  force  constants  from 
the  external  potential  can  be  easily  obtained  using  nonbond ed  ato¬ 
mic  pair  potential  of  "6- exp"  type.  The  mass  matrix  m  has  elements 

m^(aO  =  m(lk)  efcuc)#  eftik)J  » 

where  e*(ik)  is  the  atomio  displacement  per  unit  displacement  of 
an  atom  i  within  the  molecule  k  in  the  *-th  degree  of  freedom. 

From  the  calculations  we  note  that  the  phonons  of  frequencies 
below  5  THz  cannot  be  labelled  as  purely  external  or  internal,  ®ha 
phonon  eigenvectors  were  used  to  estimate  the  one-phonon  neutron 
scattering  cros»-sections.  These  were  largely  consistent  with  the 
experiments,  thus  supporting  assignments  of  the  phonon  eigenvectors. 
The  agreement  between  the  calculated  and  experimental  phonon  fr*> 
quenoies  was  usually  about  10  -  2Q£.  This  leaves  scope  for  an  im¬ 
provement  of  the  assumed  external  potential  function.  Ve  feel, 
however,  that  a  molecular  shell  model  would  be  necessary  for  a 
correct  description  of  the  lattice  dynamics. 
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HARMONIC  AND  ANHARMONIC  REPRESENTATION  OF  LIBRATIONAL  MOTIONS  IN 
MOLECULAR  CRYSTALS 


B.  Kuchta  and  T.  Luty 

Institute  of  Organic  and  Physical  Chemistry,  Technical  University,  50-370 
Wroclaw,  Poland 


Abstract . -  The  orientational  crystal  potential,  represented  as 
a  surface  in  n-dimensional  apace  sp armed,  on  librational  normal 
coordinates,  lias  been  calculated  foreC-N„,  «c~02  and  fi-02 
crystals  and  compared  with  Its  harmonic  representation.  Signi¬ 
ficant  dlff erenoles  in  symmetries  of  the  surfaces  show  that 
molecular  librations  are  highly  anharmonic  and  that  any  proper 
description  of  the  excitations  in  molecular  crystals  has  to 
take  into  aocount  the  full  symmetry  of  an  exact  orientational 
crystal  potential* 


I*  Introduction.-  The  harmonic  approximation  which  is  commonly  used 
in  the  lattice  dynamics  calculations  of  molecular  crystals  is  belie¬ 
ved  to  be  well  satisfied  for  translational  degrees  of  freedom  but 
not  for  rotational  ones*  Results  of  calculations  /librational  phonon 
frequencies/  for  diatomic  molecular  crystals*  in  particular  for  so¬ 
lid  nitrogen  ,  support  the  conclusion*  In  the  present  paper  we 
shall  discuss  the  problem  of  a  description  of  librational  excitati¬ 
ons  at  the  center  of  Brillouin  zone  in  crystals,  where  a  rotational 
part  of  the  crystal  potential  can  be  separated*  For  the  discussion 
we  choose  nitrogen  and  oxygen  crystals  for  the  following  reasons: 
the  ab  initio  intermolecular  N2-N2  potential  is  known  J2},  and  the 
crystal  structures  of  oxygen  phases  /one  molecule  in  a  unit  cell/ 
simplify  a  representation  of  the  rotational  potential. 

2.  Rotational  potentials.-  In  crystals  where  molecules  oocupy  oenter 
of  inversion  sites,  the  rotational  crystal  potential  for  zero  wave 
vector  can  be  separated  from  translational  pert  and  written  as  an 
expansion  with  respect  to  a  complete  set  of  rotational  coordinates* 
It  is  convenient,  for  our  purpose,  to  expand  the  potential  in  terms 
of  normal  coordinates  of  librational  excitations  and  to  represent 
am  a  surface  spanned  on  the  coordinates*  The  librational  normal  co¬ 
ordinates  are  the  eigenvectors  of  the  harmonic  dynamical  matrix  co¬ 
rresponding  to  the  particular  normal  mode  /  A_,  Bg  for  monoclinio 
e«-©2,  for  hexagonal  (I  -Og  and  Eg,  S  ,  Sg  for  cuhlo  es-HgA 
A  qualitative  difference  between  harmonic  and  anhaemonio  represen- 


C6-588 


•joctmal  ok  PHisiqoB 


tation  of  the  lihrational  excitations  is  clearly  seen  from  figures 
1  and  2.  In  the  calculations  of  the  rotational  energy  surfaces  we 
hare  used  the  "6-exp"  atom-atom  potential*  optimised  to  the  crystal 
structures  of  solid  oxygen.  The  stri eking  differencies  in  the  aym- 


Jig.  1 


Fig.  2 


figures  1  and  2.  The  rotational  energy  surfaoes  for  ec-0„ 
/fig.  1/  and  -Q?  /fig.  2/  crystals  in  harmonic  /on  leftf 
and  enharmonic  /oh  right/  representations. 

metry  of  the  surfaces  suggest  that  the  angular  motions  of  the  mole¬ 
cules  can  he  quite  different  in  character  than  the  lihrational  osci¬ 
llations  around  a  fixed  axis.  It  is  also  seen  that  any  quadratic 
/harmonic/  or  multiquadratio  /quaaiharmonic/  representation  of  the 
potential  increases  its  symmetry  and  cannot  properly  describes  the 
lihrational  excitations  in  the  crystal.  The  important  point  is  to 
take  into  aocount  the  odd  powers  in  the  potential  expansion. 

3.  flrurjn^ifT-  dn  application  of  the  perturbation 

theory  allows  one  to  take  into  account  an  influence  of  the  enharmo¬ 
nic  terse  in  the  rotational  potential  on  lihrational  phonon  frequen¬ 
cies  m#  Within  the  method*  libra* Iona  of  the  moleoules  ere  treae- 
ted  aa  coupled  enharmonic  oscillators  in  an  exact  rotational  oxystal 
potential,  figure  J>  shows  oros»>eeotio&s  :of  the  irreducible  part  of 
the  rotational  energy  in  t$e  cubic  phase  of  $ftrogen  oxystal,  oor- 
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are  those  corresponding  to  two  T_  libra- 

© 

tions/.  She  difference  between  harmonic 
/solid  line/  and  enharmonic  /broken 
line/  representation  of  the  potential 
is  not  large,  it  gives  however  a  signi¬ 
ficant  difference  in  librational  fre¬ 
quencies.  Results  of  the  calculations 
are  presented  in  the  forth  column  of 
the  Table.  There  are  seen  very  impor¬ 
tant,  quantitative  differencies  between 
harmonic,  quasiharmonic  /self-consis- 
Fig.  3  /see  text/  tent  phonon  approximation,  SCR/  and 

Table  -  Librational  phonon  frequencies  /in  om“V  at  £  =  0  in 
W  -N_  crystal. 


Rode 

Harmonic  [l] 

Anharmonic  t3l 

Experiment t4] 

Es 

40.8 

39.5 

32.0 

32.3 

T 

g 

50.7 

48.5 

36.3 

36.3 

m 

— Ifi _ 

74.3 

70.3 

60.5 

59.7 

anharmonio  representation  of  the  librational  excitations.  Although 
the  perturbation  theory  does  reproduce  the  librational  phonon  fre¬ 
quencies  very  well,  it  does  not  give  however  a  unique  interpreta¬ 
tion  of  the  moleoular  motions.  The  symmetry  of  the  real  orientatio¬ 
nal  potential  suggests  that  angular  moleoular  motions  can  be  quite 
different  in  character  than  an  oscillator  and  that  any  proper  des¬ 
cription  of  the  excitations  in  molecular  crystals  has  to  take  into 
account  the  full  symmetry  of  the  crystal  potential. 


Li]  T.  Luty,  A.  van  der  Avoird  and  R.H.  Berns,  J.  Cham.  Rhys., 
r,  „  „  2215505  (1980), 

[2]  R.U.  Berns  and  A.  van  der  Avoird,  J.  ChemTfhys.,  » 
r  ,  22»  6107  (1980)  , 

133  B.  Kuohta  and  T.  Luty,  in  preparation, 

[4]  I.K.  Xjams  and  G.  Dolling,  Rhys.  Rev.,  B1^,  1639  (1975)  • 
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.TRANSLATIONAL  ~  ROTATIONAL  COUPLING  IN  s-TRIAZINE  CRYSTAL 


T.  Luty 

Institute  of  Organic  and  Physical  Chemistry,  Technical  University, 
S0-370  Wroclaw,  Poland 


Abstract.-  An  anomalous  dispersion  of  transverse  acoustic  pho¬ 
nons,  related  to  the  ferroelastic  phase  transition  in  s-tria¬ 
zine  crystal,  have  been  analyzed.  The  dispersion  relation  has 
been  found  from  the  harmonic  dynamical  matrix  which  includes 
translational-rotational  coupling.  For  the  nearest  neighbours 
interactions,  the  relation  contains  two  competive  terms  follow¬ 
ed  from  direct  «nd  indirect  translational-translational  coup¬ 
ling.  When  the  indirect  interactions  are  assumed  to  be  tempera¬ 
ture  dependent,  the  relation  reproduces  the  observed  dispersion 
curves  almost  exactly. 


1.  Introduction.-  It  has  long  been  known  that  in  molecular  crystals 
there  should  be  a  static  coupling  between  rotations  and  translatio¬ 
ns  of  molecules.  Recently  well  studied  s-triazine  crystal  is  a 
good  example  to  illustrate  the  problem  of  the  coupling  in  ordered 
molecular  crystals.  A  weakly  first  order  transition  at  200  K  is  from 
a  high  temperature,  trigonal  phase  /Rpc/  to  a  low  temperature,  mono¬ 
clinic  phase  /C2/c/  [l].  The  ferroelastic  distortion  of  s-triazine 
is  assisted  by  a  pronounced  softening  of  the  transverse  acoustic  mo¬ 
des  in  trigonal  £  and  A  directions  C2} ,  causing  an  instability  of 
the  c;|J|  elastic  constant.  The  anomalous  behaviour  of  the  elastic 
constant  has  been  recently  interpreted  £5]  in  terms  of  the  mean 
field  theory  as  a  result  of  coupling  between  the  shear  strain  «E 
/eyz/  and  molecular  rotations  Ry  /R^A  The  aim  of  the  present  treat¬ 
ment  is  to  interprets  the  anomalous  and  extended  in  the  Erillouin 
zone  dispersion  of  the  transverse  acoustic  modes  in  terms  of  trans¬ 
lational-rotational  coupling.  As  the  phonons  in  s-triazine  have 
been  found  to  be  well  defined  and  underdamped  down  to  TQ,  the  ana¬ 
lysis  is  based  on  harmonic  dynamical  matrix. 

2.  Dynamical  matrix.-  The  harmonic  potential  energy  of  a  molecular 
crystal  can  be  written  in  terms  of  dynamical  matrix  elements  as, 

7h  =  \  21  E.  £  [  (q.kk')^  (qk)  u*  (qk')  +  D^(qkk')  ^  (qk)  0jfekj 

+  ^(qkk'^CqtfuJtek')  +  D^(qkO$Jqk)  e*(qk'5J(l) 


I 
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where  u  (qk)  and  0  (qk)  are  translational  and  rotational  displace¬ 
ments  of  the  sublattice  k,  respectively.  The  enrgy  is  decoupled  in¬ 
to  noninteracting  parts,  each  designated  by  a  specific  direction 
of  wave-sector  q.  A  further  decoupling  can  be  done  by  a  group-theo¬ 
retical  analysis.  For  the  high  temperature,  trigonal  phase  of  s-tri- 
azine,  the  12  dispersion  curves  in  the  A  direction  can  be  olaslfied 
as:  2A^  ©  2  A2  ©  4- with  A  ^  being  double  degenerate  mode.  As 
the  transverse  acoustic  mode  which  shows  an  anomalous  dispersion 
transforms  according  to  Aj  irreducible  representation  /as  well  as 
3  optical  branches/  we  have  to  extract  a  part  of  the  crystal  poten¬ 
tial  energy  which  corresponds  to  this  symmetry.  It  is  easy  done 
when  a  new  set  of  coordinates  /as  follow  from  projection  operators/ 
is  introduced, 

Vj(q)  =  9  [ujfaU  ♦  u-j (qa)]  ,  =  5  I Uj  (q"0  -  Ujfad]  • 

CO  -  i  [«3  CO)  *  Sj  C»3>]  ,  £]  W  -  \  [®j  CO>  -  6,  (q2)]  , 

for  j  =  1,2.  Now,  the  irreducible  part  of  the  crystal  energy  cor¬ 
responding  to  the  two-dimensional  representation  contains  two 
parts  with  identical  eigenvalues  and  for  further  discussion  we  can 
use  only  one  of  them,  reducing  the  problem  to  4-dimensional  one. 

We  have, 

Vh(A^  *  2  +  awfa)"|Cq>  +  2A_<q)w2(q)  y2Cl)  ♦ 

+  2A+(a)vn(q)  £,<q>  +  2D+(q)v1  (q)  f  2  (q)  + 

+  2D„  tq)  W2  (q)  (q)  +  0C+  (q  Cq)  +  rf  .  (q)  \  (q)  + 

+  2  ^2^  ^i(fl)]  *  (2) 

with  coefficients  being  proper  combinations  of  dynamical  matrix 
elements.  The  translational-rotational  coupling  is  given  by  D's 
and  A's  coefficients.  It  has  to  be  stressed  that  in  the  limit 
q  —*■  0  the  above  expression  reduces  to  the  harmonic  part  of  the  in¬ 
ternal  energy  in  the  mean  field  theory. 

To  analyze  dispersion  of  the  transverse  aoouetic  mode  we  have 
to  solve  an  equation  of  motion  for  the  coordinates  and,  with  an 
assumption  that  internal  strains  given  by  coordinates  w2»  Y 2  ~  &nd 
$ -j  respond  statically  to  the  strain  given  by  v^  /the  acoustic  mode/ 
one  gets, 
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<OfACq>  =  i[a+(q)  -  D+U)  &3( 4,0)  D*Cq)  -  A+(q)Gg  (q,C$  A*(<J)(3) 

G*4^  (q,0)  is  the  static  phonon  susceptibility  corresponding  to  the 
optical  phonons  which  are  coupled  /the  sane  symmetry/  to  the  acous¬ 
tic  phonon.  An  exact  analysis  of  the  susceptibility  shows  that  the 
element  (q*0)  follows  from  an  effective  orientational  potential: 
a  sum  of  rotational-rotational  self  term  and  indirect  orientational 
potential  given  by  translational- translational  interactions,  a^_  (<j) 
and  translational-rotational  coupling  A_(q). 

5.  Results.-  In  general,  the  relation  (3)  is  rather  complicated 
but  in  the  case  of  s-triazine  crystal,  where  the  short  range  inter¬ 
actions  are  dominant  we  can  limit  ourselves  to  the  nearest  neigh¬ 
bours  and  then  the  relation  can  be  writ  <«n  in  a  simplified  form  as, 

CD  |A(q>  =  Bq  sin2  (Uqi  -  Cq  sin2  2  (Mq>  ,  (4) 

with  the  phase  factor  (i(ql .  The  first  term  describes  dispersion  of 
the  acoustic  phonon  due  to  the  direct  translational-translational 
coupling,  while  the  second  term,  responsible  for  an  anomalous  dis¬ 
persion,  follows  from  indirect  interactions  due  to  translational- 
rotational  coupling.  When  the  relation  is  generalized  by  making  the 
indirect  interactions  temperature  dependent  /as  in  the  mean  field 
theory,  for  example/  it  does  rtproduoe  the  observed  dispersion 
curves  [2] ,  at  different  temperatures,  almost  exactly.  As  it  is 
seen  from  relation  (4)  a  stability  limit  is  achieved  for 

c/To>  - 1 V 
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RAMAN  SCATTERING  SPECTRA  OF  Rb2ZnCl4  UNDER  UNIAXIAL  STRESS 
N.E.  Massa 

Behlen  Laboratory  of  Physics,  University  of  Nebraska,  Lincoln,  Nebraska 
68588,  Canada 


Abstract.  -  The  Raman  scattering  of  Rb2ZnCli(  under  uniaxial  stress  up  to  300  bars 
on  the  c  and  a  axis  (orthorhombic  -  Pnan))  has  been  measured  in  the  inconmensu- 
rate  phase  at  room  temperature  and  a?  92K.  A  downward  shift  in  frequency  has  been 
observed  in  those  bands  related  with  bending  and  stretching  modes  of  the  ZnCli,  free 
molecule.  Unlike  K2Se04  in  the  same  stress  range,  the  study  of  the  soft  mode, 
assigned  as  amplitudon  by  Uada  et  ei.  1 ,  does  not  show  a  shift  toward  lower  fre¬ 
quencies. 


Rb^ZnCl^  is  among  the  family  of  ABX^  compounds  that  are  being  intensively 
studied  and  have  a  structurally  modulated  incommensurate  phase.  It  undergoes  three 
phase  transitions  at  Tj  *  303  K,  Tjj  *  94  K,  TIII  =  75  K^,  from  the  prototypic  or¬ 
thorhombic  paraelectric  (D^jj  -  P  ;  Z  =  4)  into  the  incommensurate  phase  at  room 
temperature  to  the  ferroelectric  (ferrielectric?^)  (C^  -  Pna21 ;  Z  =  12)  to  a 
likely  monoclinic  phase,  respectively.  The  axes  are  chosed  such  that  in  the  orthor¬ 
hombic  phase  b>a>c  (b  ■  V  3c,  a:  pseudo  hexagonal  axis). 

Crystals  were  obtained  from  slow  evaporation  of  an  aqueous  solution  of  RbCl : 
ZnC^  in  a  2:1  ratio.  They  resulted  in  oriented  single  crystal  plates  about  2X3 
cm  (a  x  c)  and  3  mm  thick  from  where  samples  of  about  3.  x  1.2  x  3.5  (a_  x  b  x  c)  mm 
were  cut.  These,  after  polished  and  under  the  microscope,  showed  good  extinction 
and  no  macroscopic  defects. 

(41 

Measurements  were  made  with  the  stress  apparatus  '  '  inserted  in  a  conventional 
dewar.  Data  were  collected  on  floppy  disks  and  plotted  on  a  digital  x  -  y  recorder. 
Uniaxial  stress  was  applied  at  room  temperature  and  82  K  in  steps  of  about  40  bars 
along  the  paraelectric  a  and  c  axis. 

Lattice  and  bending  Internal  modes  are  found  in  the  0-160  cm'1  spectra  span 
and  those  associated  with  stretching  are  in  the  260  to  320  cm*1  region.  In  zero 


stress  measurements  at  298  K  and  82  K,  the  spectral  features  agree  with  those  re¬ 
ported  by  Uada  et  al/1^  and  will  not  be  discussed  here.  Fig  1  ^a,b^  shows  the  room 
temperature  results  of  spectra  under  stress  for  the  a(cc)  b  and  c(aa)  b  orientations. 
It  can  be  seen  that  the  most  Intense  bands,  associated  with  molecular  bending,  have 
a  definitive  frequency  downshift  that  becomes  more  pronounced  In  the  stretching 
region,  shewn  in  fig  lb.  A  small  but  reproducible  Increase  in  the  splitting  be¬ 
tween  the  line  et  145  cm'1  and  its  lower  frequency  shoulder  at  about  124  cm*1  seems 
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to  occur  at  about  30  -  50  bars  as  shown  in  fig  2.  This  may  be  Interpreted  as  if 
W^ZnClj  goes  from  an  elastic  region  at  lower  stress  to  a  plastic  like  behavior  in 
which  the  downward  frequency  shift  occurs.  Much  weaker  lattice  inodes  show  some  in¬ 
crease  in  relative  intensity  but  no  change  in  the  apparent  peak  position. 


Fig  1. 


(a)  Effect  of  uniaxial  stress  on 
Ag  phonons  at  room  temperature 
in  the  a(cc)b  geometry. 

stress  along  a 


(b)  Same  but  c(aa)b  geometry  In 
the  stretching  region. 

stress  along  c 


To  discuss  the  effect  of  stress  on  the  internal  modes  one  should  first  remem¬ 
ber  that,  due  to  the  chlorine  natural  isotopic  abundance,  the  spectra  will  contain 
the  normal  modes  of  Zn  Cl]5,  Zn  Cl]5  Cl37,  Zn  Cl]5  Cl]7,  Zn  Cl35  Cl]7,  Zn  Cl]7.  A 
basic  internal  mode  spectrum  can  be  thought  as  a  number  of  Raman  components  of  an 
envelope,  that  Is  resultant  from  the  Raman  spectra  of  the  most  abundant  varieties.^ 
Thus,  any  Interaction  of  the  ZnCl^  sublattice  will  be  disrupted  by  the  effect  of 
stress  on  the  short  range  Interactions.  An  increase  in  uniaxial  stress  will  tend 
to  lower  the  symmetry  resulting  In  Raman  frequencies  closer  to  those  found  for 
glassy  ZnC^.*6> 

This  point  Is  emphasized  by  similar  band  profile  of  the  stretching  region  In 
the  glass  (vv)  and  that  for  the  a(cc)b  geometry  In  the  crystal.  Three  weak  fea¬ 
tures  observed  with  crossed  polarizers  in  the  glass  also  appear  in  RbjZnCl^  as 

*Wu  and  Sutherland  ^  estimated  the  relative  percent  age  of  various  Isotopic  com¬ 
positions  for  C  Cl4  to  bo  31.6,  42.3,  21.2,  4.7  end  0.4  respectively. 
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weak  overlapping  bands  raising  the  likelihood  that  tetrahedral  Zn  Cl4  units  fora 
a  polymer-chain-like  structure  in  RbgZnCl^. 

Further,  Rb,ZnC1.  is  known  to  contain  commensurate  domains  and  Incommensurate 
domain  walls  '  '  that  will  justify  plastic  behavior  and  a  lower  yield  to  stress  In 
the  Inconmensurate  phase. 

On  the  other  hand,  the  Ag  and  B2g  spectra  have  been  studied  in  the  ferroelec¬ 
tric  phase  at  82  K.  No  change  in  frequency  has  been  found.  Particularly,  the 
broad  features  assigned  as  amplltudon  and  a  temperature  dependent  phonon  (shown  in 
fig.  3)  do  not  go  down  In  frequency  either  as  stress  Is  applied  along  a  or  c  In  con 
trast  with  the  KgSeO^  amplltudon  behavior  at  82  K  and  In  the  same  stress  range 
This  result  is  consistent  with  the  view  that  In  RbgZnCl^  long  range  interactions 
are  weak  and  the  folding  of  the  Brlllouln  zone,  l.e.  reduction  of  the  coherent 
length  by  the  tripling  of  the  unit  cell  below  94  K,  is  still  operative  £t  82  k  and 
precludes  the  observation  of  any  significant  stress  induced  change  on  those  anhar- 
monically  coupled  phonons. 

Fig  2  Uniaxial  stress  induced 

changes  on  the  shoulder  of 
145  cm-1  band. 

stress  along  c 


Fig  3  Amplitudon  -  phonon  coupled 
band  from  zero  to  300  bars 

stress  olong  o 

-30  0  15  30  <3  ICO  110  120  133  1«C  1E3  1E3 

rsEcx-tNcr  (  ck-i  i  {  cf-:  ; 
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SPIN-LATTICE  INTERACTION  IN  CERIUM  ETHYLSULPHATE 


F.W.  Sheard 

Department  of  Physios,  University  of  Nottingham,  Nottingham  NG7  2ND,  England 


Abstract:  The  enhancement  of  the  Schottky  specific-heat  peak  of  cerium  ethyl - 
sulphate  has  been  explained  by  Fletcher  and  Sheard  using  a  model  in  which  the 
Ce3*  ion  levels  are  coupled  to  a  temperature  dependent  lattice  strain  mods. 
This  theory  is  used  to  calculate  the  temperature  dependence  of  the  magnatic 
susceptibility,  which  is  most  sensitive  to  the  effects  of  the  lattice  mode 
when  the  magnetic  field  is  perpendicular  to  the  trigonal  axis.  The  experimen¬ 
tal  results  support  the  theory  but  a  detailed  comparison  is  not  possible  owing 
to  absence  of  data  in  the  crucial  4-13K  range. 


The  thermodynamic  behaviour  of  cerium  ethylsulphate  has  been  studied  by  Fletcher 

1  3+ 

and  Sheard  using  a  model  in  which  the  two  lowest  crystal -field  levels  of  the  Ce 

ion  are  coupled  to  a  lattice  strain  mode.  This  model  has  accounted  for  the  observed 

2 

enhancement  of  the  Schottky  specific-heat  peak  and  also  for  the  temperature  depend- 

3 

ence  of  the  electric  susceptibility  . 

A  basic  feature  of  the  model  is  the  temperature  dependence  of  the  energy  separ- 

3* 

ation  E  between  the  two  lowest  Ce  Kramers  doublets,  which  form  an  effective  spin-J 
3 

system.  This  temperature  dependence  arises  from  the  coupling  of  the  spin-J  system  to 
a  lattice  strain.  A  thermodynamic  analysis  showed  that  for  zero  external  stress  the 
level  separation  and  lattice  strain  varied  smoothly  between  high  and  low  temperature 
limits.  At  temperature  T  the  separation  Eg(T)  is  determined  self-consistently  by 
the  equation 


E,(T)/E,0  ■  T  ♦  rtanh{E>lT)/2kT>. 

where  r  is  a  dimensionless  spin-lattice  coupling  parameter  and  ESQ  is  the  high- 

temperature  splitting.  At  low  temperatures  the  splitting  is  Eg(0)  »  EgQ(1  ♦  D. 

Assuming  that  an  external  magnetic  field  does  not  affect  the  separation  E  but 

8 

serves  only  to  split  the  two  Kramers  doublets,  the  magnetic  susceptibility  is  given 
by 

X  ■  *  g2*  *  if*l  '  *<nh{  » 

where  g^  snd  g?  are  the  g-f actors  of  the  lower  ftoj  •  ±5/2)  and  upper  (mj  »  ±J) 
Kramers  doublets,  y  is  the  Bohr  magneton  and  N  is  the  number  of  Ce  ions. 
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F lg  1:  TemptMUuJie.  dependence  o{ 
parallel  Au&ceptibility.  See  text 
ion  explanation  o&  theoretical 


curve*. 


Hg  Is  Temperature  dependence  o& 
perpendicular  uuceptitility . 


0  0.2  0.4  0.6  0.8 

1/T  (K'M 

In  both  low  and  high  temperature  limits  x  varies  linearly  with  1/T: 

X  •  Np2g2/4kT  (kT  «  Ea)  and  x  «  Np2l(g2  ♦  gjJ/^kT  (kT  »  Eg) .  This  behaviour  is 
illustrated  in  figure  1  for  the  paraxial  susceptibility  x^  (Field  parallel  to  three¬ 
fold  axis).  The  solid  curve  corresponds  to  the  Fletcher  and  Sheard  model  with  the 
parameters  used  to  fit  the  specific-heat  data  CE  CO)  ■  7.1k,  T  ■  0.66)  and  the  g- 
values  taken  from  EPR  data*  (g*  «  3.7,  g"  »  1.0).  The  dashed  curve  corresponds  to  a 
constant  separation  Eg  *  7.1k,  equal  to  the  low-temperature  value  of  the  Fletcher- 
Sheard  model.  There  is  a  small  difference  between  these  curves  in  the  3-IOk  range 
but  the  experimental  data  of  van  den  Brosk  and  van  der  Morel5  cannot  distinguish 
between  them. 

For  the  perpendicular  susceptibility  xx  shown  in  figure  2  the  temperature 
dependence  is  more  dramatic  since,  when  the  field  is  perpendicular  to  the  threa-fold 
axis,  g*  •  0.20  is  much  lass  than  g£  *  2.2  4 .  The  experimental  points  deviate 
significantly  from  the  dashed  curve  (constant  E#)  in  the  direction  of  the  curve  for 
the  spin-lattice  coupling  model  but  the  parameters  obtained  from  the  spacific-heat 
data  do  not  give  a  good  fit.  Unfortunately  there  are  no  experimental  data  i..  the 
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4-1 3K  range  where  the  theoretical  curves  differ  most  markedly.  A  closer  fit  to  the 
Fletcher-Sheard  model  may  be  obtained  with  a  smaller  value  of  the  coupling  parameter 
(T  *\»  0.3)  but  for  a  detailed  comparison  between  theory  and  experiment  a  more  comp¬ 
lete  set  of  data  is  desirable. 

1.  JR  Fletcher  and  F  W  Sheard,  Solid  St  Commun  £,  1403  (1971). 

2.  H  Meyer  and  P  L  Smith,  J  Phys  Chern  Solids  £,  285  (1959). 

3.  OR  Taylor,  D  S  McColl,  J  P  Harrison,  R  J  Elliott  and  L  L  Goncalves,  J  Phys  C  10 
L407  (1977). 

4.  C  B  P  Finn  and  B  M  Najafabadi,  J  Phys  C  3.  330  (1970). 

5.  J  van  den  Broek  and  L  C  van  der  Marel,  Physica  29,  948  (1963). 
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LATTICE  DYNAMICS  CALCULATIONS  FOR  SOLID  BIPHENYL  IN  THE  HIGH 
TEMPERATURE  PHASE 


T.  Wasiutynski,  I.  Natkaniec  and  A. I.  Belushkin* 

Institute  of  Nuclear  Physics ,  Krakow,  Poland 
*Joint  Institute  of  Nuclear  Research,  Dubna,  USSR 

Wrapt,  flw  latt&oa  dytalei  atdal  with  explicitly  Included 
interphenyl  aodai  mam  faiwlaUd,  flw  latanwlaealar  pataa- 
tlal  of  tho  "6-exp"  ton  with  Vllllaaw  paraatan  mam  aaad. 
fbo  pfaaoo  tranoltloa  to  tbo  lnceawenswrate  pbaaa  mam  Inter¬ 
preted  as  a  phonon  instability  for  tho  maeam  rooter  Isolde  tbo 
Brlllooln  sons  4  ■  (0,  0.4,  0). 

1.  | Utl.  -  flw  potential  energy  of  tho  crystal  wader  stady  Is  ss- 
p  res  sod  la  the  font 

V  =  J-ECKItfi  *  K2#£«  K3(r  -r  )2  ♦  K4sin2<P  .IY  ]  (  1) 

2mm  m  mo  m  ^  "W 

fbo  first  ton  in  (1)  doserlbos  la-plane  dsfonation  of  the  C-C  bond, 

the  second  ton  doserlbos  eat-ef-plane  dsfonation,  tho  third  ton 

stretching,  tho  fourth  torsion,  fhe  last  ton  doserlbos  Interaction 

between  ehealoally  aonbondod  atens  and  has  the  noil  known  "6-exp" 

font 


v 

run 


I  [A  exp  (-B..  r.. ) 
ij  ')  *J  U 


-  C„  r.:®  ] 
•J  IJ 


(a) 


fhs  enplrlcal  par ano tors  1,  B  and  €  worn  taken  fron  Billinas  /l/« 
fbo  renal ml ag  par one tors  in  (l)  wore  adjasted  la  order  to  obtain 
the  best  agreement  with  thd  experlnont.  fhs  final  nines  la  waits  of 
koal/eole  and  A  are  t 

U  -  IBS  n  -  46  IB  •  9T.8  14  -  52.6  r#  -  1.BB3T 

2.  haawlta.  -  fbo  lattice  dyaanlos  calenlatlena  hare  to  bo  porfenwd 
at  tho  nlnlyan  of  the  lattlee  energy,  fhls  la  the  ccndltlcn  for  the 
lattloe  atablllty.  do  the  first  atop  the  lattice  energy  was  mai¬ 
nland  with  respect  te  all  a tract oral  par  awe to re.  flw  recalls  art 
pjrosontod  in  table  1. 
fable  i 

fho  comparison  ef  calculated  and  experinoatal  crystal 
s tractors  cf  solid  biphenyl  at  high  tenperatare  phase 
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T.BB 
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Mil 

1.44 

CJJJ 

CSm 
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■ton  a,  b,  o  and  p  are  unit  oell  parameters  co1  (  o2  ,  Oj  arc 
■alar  angles  of  tha  aolooalo.  With  tho  ho Ip  of  tho  latoraolooalar 
potential  of  tho  fora  (l)  tho  phonon  dlapomlon  our  too  In  baraenlo 
approximation  norm  oaloalatod.  Plgnro  l  presents  16  loo  lying  pho¬ 
non  broaches. 


<5  =  I0.J.0> 


360 

.  ANTISYMMETRIC 

SYMMETRIC 

3 W 

330 

320 

r 

350 

340 

330 

320 


280 

270 

260 


in  plane 
stretching 


out  of  plane 
in  plane 


out  of  plane 


torsion 


Pig*  1  t  Phonon  dispersion 
oarros  In  biphenyl  for  the 
(OlO)  direction. 


As  saw  ho  aeon  from  tho  flgare  there  la  strong  nixing  between  exter¬ 
nal  nodes  of  the  biphenyl  aolooalo  and  the  too  internal  nodes i  emt- 
-of  plana  defamation  and  torsion*  All  tho  nodes  shoo  largo  disper- 
olan*  the  olooo  inspootisn  of  the  o i genre o tors  of  the  looost  branoh 
gloss  ns  laforaatian  Sbost  the  obaraoter  of  tho  notion*  for  snail  « 
r aloes  the  shar aster  of  the  notion  is  translational.  Per  larger  « 
▼alass  ths  shares tor  sf  tbs  earre  changes  to  the  torsional  sno.  Per 
tho  3  •  0.4  shore  there  is  a  deep  nisi— i  in  ths  sarrs  it  is  pro¬ 
ds— tip  sf  the  torsional  type*  As  position  of  tho  nisi—  is 
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▼ory  HMUlTt  to  tbo  valno  of  U.  It  to  oomiootod  with  tbo  inoto- 
bllity  of  tbo  toralonal  aodo.  Vblo  foot  waa  ooaflrnod  oxporlHBtal- 
ly  by  ooboroat  Matron  aoattorlng  by  Cailloaa  ot  «1.  /8/.  Tboy 
found  soft  aodo  liko  bobacrloar  of  tbo  pbonon  it  {  ■  0.4T  wblob  lo 
la  «alto  good  ogroonont  with  tbo  proa  oat  oaloalatlona. 

HUfffttl 

/l/  1.1.  Villi MBS,  J.Cboa.Pbya.  47,  4680  (1067) 

/2/  0. P.  Cborbonoan,  Y.  Bologoard,  Acta  Cryatallogr.  182.  1420(1876) 
/3/  H.  Colllooa,  F.  Monosa,  J.  lima.  Solid  Stato  Comm,  31.  821 
(1879). 
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PHONON  DISPERSION  CURVES  IN  THE  MOLECULAR  CRYSTALS  NAPHTHALENE  AND 
ANTHRACENE  MEASURED  BY  INELASTIC  NEUTRON  SCATTERING 

B.  Dorner,  E.L.  Bokhenkov*,  E.F.  Sheka* ,  S.L.  Chaplo  **,  G.S.  Pawley*^ 

J.  Kalus**"*,  U.  Schmelzer***  and  I.  Natkaniec**** 

ILL  Grenoble,  France 

*Inet.  Sol.  Stat.  Physics,  Chernogolovka,  USSR 
**Physice  Dept.  Unit.  Edinburgh,  U.K. 

*** Physics  Dept.  Unit.  Bayreuth,  F.R.G. 

****In8t.  Nucl.  Phys.  Krakow,  Poland 

Abstract.  -  We  determined  the  12  external  and  the  4  lowest  internal 
dispersion  branches  for  several  symmetry  directions  in  naphthalene 
at  6  K  and  anthracene  at  12  K.  The  zone  centre  modes  have  been  as¬ 
signed  unambiguously.  The  temperature  dependence  was  studied  for 
both  crystals,  while  the  pressure  dependence  only  for  naphthalene. 
At  constant  volume  the  frequencies  of  naphthalene  would  increase 
much  more  with  temperature  than  those  of  anthracene. 


By  inelastic  neutron  scattering  we  determined  the  16  lowest  phonon  dis¬ 
persion  branches  for  several  symmetry  directions  for  deuterated  naph¬ 
thalene  at  6  K  and  for  deuterated  anthracene  at  12  K.  These  two  mole¬ 


cules  crystallize  in  the  same  monoclinic  structure  P21/a  with  two  mole¬ 
cules  per  unit  cell.  Unter  the  assumption  of  rigid  molecules  one  ex¬ 
pects  12  external  modes.  This  assumption  is  acceptably  well  fulfilled 
for  naphthalene,  where  an  energy  gap  of  about  1  THz  was  observed  be¬ 
tween  the  external  and  the  lowest  internal  modes  while  in  the  case  of 


anthracene  the  four  lowest  internal  modes  are  in  the  region  of  the  ex¬ 
ternal  modes  and  a  strong  interaction  is  observed,  see  Fig.  1 


Fig.  1:  The  16  lowest  phonon 
dispersion  branches  in  Anthra¬ 
cene  at  12  K.  The  dotted  lines 
visualize  experimentally  de¬ 
termined  anticrossings  and 
eigenvectorexchanges .  Sound 
velocities  at  300  K  are  in¬ 
dicated  by  straight  lines. 
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To  perform  the  experiment  it  was  crucial  to  have  a  lattice  dyna¬ 
mics  model  calculation  beforehand.  The  model  is  based  on  atom-atom 
potentials  between  different  molecules  /I, 2/. 

With  help  of  the  calculated  eigenvectors  the  phonon  intensities 
in  different  Brillouin  zones  have  been  predicted  and  nicely  confirmed 
by  the  experiment  (3,4)  for  the  centres  of  the  Brillouin  zones.  For 
finite  phonon  wavevectors  many  anticrossings  of  modes  and  eigenvector 
exchanges  have  been  observed  and  analysed  experimentally.  For  these 
two  molecular  crystals  we  obtained  a  complete  set  of  experimentally  de¬ 
termined  dispersion  curves.  All  zone  centre  modes  have  been  assiged  un¬ 
ambiguously  to  their  groupe  theoretical  representations.  The  agreement 
between  measured  and  calculated  /5/  frequencies  was  qualitatively  good 
but  differed  by  up  to  20%.  The  inclusion  of  a  quadrupol  moment  /6/  im¬ 
proved  the  agreement  very  much. 

In  the  case  of  anthracene  we  analysed  the  lowest  internal  modes 
further  by  an  eigenvector  determination  /7/.  The  four  lowest  internal 
modes  correspond  to  the  B3u  (Butterfly)  and  the  Au  (twist  around  the 
long  axis)  modes  of  the  free  molecule. 

The  temperature  dependence  at  normal  pressure  has  been  investi¬ 
gated  as  well  /8,9/.  All  phonon  frequencies  decrease  with  increasing 
temperature  and  the  signals  broaden  such  that  many  branches  become  un¬ 
observable  at  room  temperature.  We  tried  to  include  enharmonic  effects 
by  calculating  the  third  and  fourth  order  terms  of  the  potential  experi¬ 
enced  by  a  particular  mode  with  its  proper  eingenvector  /1o/.  The  am¬ 
plitudes  of  all  other  modes  were  kept  zero.  The  calculculated  anharmo- 
nlc  contributions  had  the  right  tendency  but  were  much  smaller  than  the 
observed  ones. 


Fig.  2:  Temperature  depen¬ 
dence  of  librational  fre¬ 
quency  (2.52  THz  at  6  K) 
versus  temperature  dependent 

volume.  Measured ( - )  and 

calculated  ( . )  GrUneisen- 

parameters  give  frequency 
dependence  at  const.  T. 


The  pressure  dependence  is  so  far  studied  only  for  naphthalene  at 
100  K  and  a  hydrostatic  pressure  of  3  K  bar  /II/.  We  found  very  good 
agreement  between  measured  mode-Grttneinsenparameters  and  calculated 
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ones  / 12/.  This  good  agreement  sollicitated  a  calculation  for  negative 
pressure,  this  means  for  an  increased  volume.  The  decrease  of  the  li- 
bration  frequency  at  normal  pressure  with  increasing  temperature  is 
plotted  in  Fig.  2  versus  the  temperature  dependent  volume  change  to¬ 
gether  with  the  calculated  ones  for  the  expanded  volume  at  const,  tem¬ 
perature.  Apparently  the  experimental  frequency  decreases  less  than  pre¬ 
dicted  from  the  Grtineisenparameters .  Thus  we  conclude  that  in  naphtha¬ 
lene  frequencies  at  constant  volume  would  increase  with  increasing  tem¬ 
perature.  This  observation  agrees  with  results  1  om  pressure  dependent 
Raman  scattering  /1 3/.  Encouraged  by  the  good  areement  between  measured 
and  calculated  Griineisenparameters  for  naphthalene  we  calculated  them 
for  anthracene  /9/,  and  made  a  comparison  like  the  one  in  Fig.  2.  We 
found  that  in  anthracene  the  frequency  shift  at  const,  volume  would  be 
smaller  than  in  naphthalene,  again  in  agreement  with  /1 3/.  Nevertheless 
we  plan  to  measure  the  pressure  dependence  in  anthracene  as  well. 


/I/  A. I.  Kitaigorodsky;  J.  Chim.  Phys.  6^,  9  (1966) 

/2/  D.E.  Williams;  J.  Chem.  Phys.  45,  3770  (1966),  47,  468o  (1967) 

/3/  I.  Natkaniec,  E.L.  Bokhenkov,  B.  Dorner ,  J.  Kalus,  G.A.  Mackenzie, 

G.’S.  Pawley,  U.  Schmelzer  and  E.F.  Sheka;  J.  Phys.  C.  13,  4265 
(198o) 

/4/  B.  Dorner,  E.L.  Bokhenkov,  S.L.  Chaplot,  J.  Kalus,  I.  Natkaniec, 
G.S.  Pawley,  N.  Schmelzer  and  E.F.  Sheka;  J.  Phys.  C  submitted 

/5/  G.S.  Pawley;  Phys.  Stat.  Sol.  20,  347  (1967) 

/6/  R.  Righini,  S.  Calif ano  and  S.H.  Walmsley;  Chem.  Rphys.  50,  113 
(1980) 

/7/  S.L.  Chaplot,  G.S.  Pawley,  E.L.  Bokhenkov,  B.  Dorner,  V.K.  Jindal, 
J.  Kalus,  I  Natkaniec  and  E.F.  Sheka;  Chem.  Phys.  j>7,  407  (1981) 

/8/  E.F.  Sheka,  E.L.  Bokhenkov,  B.  Dorner,  J.  Kalus,  G.A.  Mackenzie, 

I.  Natkaniec,  G.S.  Pawley  and  U.  Schmelzer;  to  be  published 

/9/  V.K.  Jindal,  J.  Kalus,  E.L.  Bokhenkov,  S.L.  Chaplot,  B.  Dorner, 

1.  Natkaniec,  G.S.  Pawley  and  E.F.  Sheka;  J.  Phys.  C  submitted 

/10/  J.  Kalus,  B.  Dorner,  V.K.  Jindal,  N.  Karl,  I.  Natkaniec,  G.S. 
Pawley,  W.  Press  and  E.F.  Sheka;  J.  Phys.  C  submitted 

/II/  U.  Schmelzer,  E.L.  Bokhenkov,  B.  Dorner,  J.  Kalus,  G.A.  Mackenzie, 
I.  Natkaniec,  G.S.  Pawley  and  E.F.  Sheka;  J.  Phys.  C  14,  1o25  (1 
(1981) 

/ 1 2/  G.  S. Pawley  and  K.  Mika;  Phys.  Stat.  Sol.b  66,  679  (1974) 
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NEUTRON  SPECTROSCOPY  OF  INTERNAL  PHONONS  OF  NAPHTHALENE  AND 
ANTHRACENE  CRYSTALS 


E.L.  Bokhenkov,  A. I.  Kolesnikov,  T.A.  Krivenko,  E.F.  Sheka,  V.A.  Dementjev* 
and  I.  Natkaniec** 

Institute  of  Solid  ~  ate  Physios,  Academy  of  Sciences  of  the  USSR, 
Chemogolovka,  USSR 

* The  Timivyazev  Academy  of  .  -viculture,  Moscow,  USSR 
** Joint  Institute  for  Rue  tear  Research,  Dubna,  USSR 

Abstract*-  Inelastic  incoherent  neutron  scattering  (IINS)  spec¬ 
tra  From  anthracene  and  naphthalene  crystals  were  measured  at 
T=4.7K  in  the  energy  range  200-1 500  cm  .  Experimental  data  are 
well  described  by  the  calculated  spectra  of  one-phonon  scatter¬ 
ing. 

The  IINS  spectra  from  anthracene— dQ  and  naphthalene-dQ  polycry¬ 
stalline  specimens  were  obtained  at  4.7K  using  the  EDSOG  inverted 
geometry  time-of -flight  spectrometer  at  the  IBR  pulsed  reactor  of  the 
JINB  Dubna  The  spectra  measured  result  from  a  three-dimensional 
convolution  in  the  form 

;  N(tc)  =At0$<ffi0dEdt  F(E0,E,t0,t)(5(E0,E,^,T) 

where  F  is  the  apparatus  function  of  the  spectrometer  and  (5  is  the 
cross-section  of  neutron  scattering.  A  detailed  description  of  all 
the  quantities  that  appear  in  Eq.  is  given  in  Ref.2. 

Proceeding  from  the  solution  of  the  harmonic  dynamics  of  a  poly¬ 
atomic  crystal  ^  we  calculated  the  cross-section  of  one -phonon 
IINS  computing  previously  the  weighted  density  of  states. 

In  the  top  of  Fig.I  the  function  g(^  )  is  the  density  of  states 
of  the  144-mode  phonon  spectrum  of  anthracene  crystal}  in  the  mid¬ 
part  G(^J  )  depicts  the  weighted  density  integrated  over  all  hydroge¬ 
ne  atoms.  The  cross-section  of  one-phonon  IINS  is  shown  in  the  bot¬ 
tom  of  Fig.I. 

Experimental  spectrum  of  IINS  from  anthracene  crystal  is  shown 
in  ?ig.2a.  Fig. 2b  demonstrates  the  calculated  spectrum  of  the  one- 
I  phonon  IINS  in  the  range  of  the  internal  phonon  modes  which  is  the 
result  of  the  convolution  of  the  scattering  cross-section  (Fig.I, 

|  bottom)  with  the  apparatus  function  of  the  instrument.  As. seen  from 
!  Fig. 2  this  spectrum  fits  the  experimental  one  rather  well.  It  should 
•  be  noted  that  though  the  energy  resolution  of  the  instrument  is  not 

I  high  and  amounts  to  am  average  of  7%,  neglect  of  the  phonon  diaper- 

j  siem  and  replacement  of  )  by  a  set  of  $  -function  lead  to  a  con¬ 
siderable  deviation  of  the  computation  from  the  experiment. 


Mtl.1 


51 


Bxperimental  spectrum  of  IIHS  from  n^httdie^cljrthi  is  show 
111  ?is»3o*  Spectrum  in  Tig.  2b  is  calculated  in  the  same  way  as  it 
wmM  **d#  •bov*  for  anthracene  crystal.  Spectrum  in  Pig, 2a  i»  oalcmli 
ed  approximating  the  internal  phonon  density  of  states  by  a  set  of 
6  -functions.  As  is  seen  from  Pig.2  both  calculated  spectra  demerit* 
the  main  features  of  the  experimental  one  well,  since  m  the  energy 
rmoge  300-1500  cm”  the  phonon  dispersion  turned  out  to  be  compm~ 
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able  to  or  lees  than  the  Instrument  resolution.  But  in  the  range 
200  cm"1  and  lower  only  the  inclusion  of  phonon  dispersion  enables 
the  experimental  spectrum  to  he  properly  described. 


I  INS  TOF  spectra  from  naphthalene 
in  the  energy  region  170- 


a.  Calculated  one-phonon  I  INS  spectrum  in 
the  o  -approximation  for  non-interacting 
molecules; 

b.  Calculated  spectrum  on  the  basis  of 
solution  of  the  dynamical  problem  for  108 
crystal  phonon  modes; 

c.  Experimental  spectrum,  T=4.7£ 


W  d— d  hM  (T 

Fig. 4  i Calculated  and  measured  dis¬ 
persion  of  the  lowest  internal  mo¬ 
del 

thalen«£id0  crysti 


lea  (B-  -lower,  4-upper)  of  nsph- 
'  ' »ne=dg  crystal 


Reduced  wavevector 

Fig. 4  illustrates  the  comparison  between  the  measured  dispersion 

of  the  two  low-frequency  internal  modes  of  naphthalene-dg  crystal^ 

and  calculations  (solid  and  dashed  lines).  The  calculations  perfo: 
ed  by  the  method  described  in  Ref.?  fit  the  experiment  very  well. 

1.  I.M.Frank,  Sov.J.Part JJucl.  ,£.805  (1973)  _ 

2.  S.L.Bokhenkov,  I.Hatkaniec  ana  S.F.Sheka,  8ov.Phys.-JSTP  43.536 
(1976) 

3.  S.L.Bokhenkov,  A.  1. Kolesnikov,  T.A.Krivenko,  S.F.Sheka  and 
7. A. Dementiev ,  these  Proceedings,  p. 

4.  S.L.Bokhenkov,  S.F.Sheka,  B.Domer  and  I.Natkanieo,  Solid  Mate 
Commune.,  39  (1977) 
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A  CALCULATION  OF  THE  PHONON  DISPERSION  CURVES  IN  TRIGONAL  AND 
MONOCLINIC  SELENIUM  WITH  THE  HELP  OF  A  SINGLE  VIBRATIONAL  POTENTIAL 


M.  Merian  and  J.  Etchepare 

Laboratoire  d'Optique  Appliqu&e,  Eaole  Poly  technique,  Eaole  Rationale 
Supirieure  de  Techniques  Avancies ,  Batterie  de  l' Yvette,  91120  Palaieeau, 
Prance 


Abstract.-  We  present  phonon  dispersion  curves  In  trigonal  Selenium  (chains) 
and  zone  center  phonons  In  a  monocllnic  Selenium  (rings)  calculated  with  the 
same  Internal  force  constants.  Most  of  their  differenc  es  in  phonon  energies 
can  be  explained  by  intermolecular  Interactions  which  in  both  case  promote 
a  tetrahedral  neighbouring  leaving  some  dangling  bonds  in  monocllnic  Se.  Long 
range  forces  of  tne  Van  der  Waals  type  were  neglected  in  first  approximation. 


Helicoidal  infinite  chains  in  trigonal  Se  (t-Se)  and  eight  mefflbered  rings  Se» 
in  both  a  and  6  monoclinic  Se  (a  and  e-Se)  exhibit  very  close  values  of  their  first 
neighbours  bond  lengths  rk  k+1  and  bond  angles  ek  =  (rfc  k_1 ,  rfc  k+<)  and  very  cTose 
absolute  values  of  their  dihedral  angles  tk.  An  harmonic  potential  which  is 

internal  to  the  molecular  unit  and  written  in  the  Wilson  coordinates  Ark  k+J,  A8k, 
Atk  should  then  contains  similar  force  constants  f  : 

All  =  f  fr  <Ark,k*1)2  +  fe  (Aek)Z  +  fT  (4Tk)2  *  cross  terns 

To  describe  the  intermolecular  binding  energy,  we  take  : 

Vrt  '  A  *  [«"><-  ^  *  •  *  »Wk>  <» 

A,  B  and  C  are  constants.  The  Rkk  are  the  external  interatomic  distances  between  k 
in  one  molecule'  and  K  in  the  others,  up  to  Rkk  =  8  A.  V(akR)  is  a  four  atoms  tern 
due  to  angles  akk  between  the  Rkk  <  4.366  A  (second  external  neighbour,  length  in 
t-Se)  and  their  equilibrium  position.  It  will  be  explained  elsewhere  why  the  first 
terms  in  (2)  play  little  role  on  phonons  frequencies  in  t-Se,  a  and  B -Se  ;  it  will 
therefore  be  Ignored  here. 

The  first  order  variations  sn  of  okk  may  be  expressed  as  linear  combinations  of 
Wilson  coordinates  and  thus  are  linear  combi nations  of  first  order  cartesian  atomic 
displacements  u.  : 

A  ,k-1 

+  +  lk*1 

sn  *  tokK  "  .r.  Bnk*  *  uk'  "to*"  k‘  ■}  k  (3> 

K 


I 


'T- 
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Then  the  force  acting  on  atom  k  is  : 


+  dV(a.  ivi  ) 

F.  =  -  T  (4) 

*  k'K'  “  ak'K' 

We  almost  obtain  zero  forces  on  each  atom  k  in  a-Se  (and  e-Se)  by  choosing 
V  «  (1-cos*akK)  and  by  taking  into  account  only  those  angles  which  are  within 
10°  from  the  two  equilibrium  directions  Dk  and  D'k.  These  directions  are  in  the 
bissector  plane  of  the  angle  a.  ,  at  an  angle  y  -  the  same  for  all  k  -  of  12°  from 

-4-  -4  K 

the  normal  Nk  (or  -Nk)  to  the  intra  molecular  plane  (k-1,  k,  k+1)  (figure  1). 


In  t-Se  both  of  these  directions  are  occupied  by  a  bond  within  3°  (fig.  2). 

In  monoclinic  Se  at  least  one  of  them  is  occupied  by  a  bond  within  10°.  This  is  true 
for  each  atom  (fig.  3  for  o-Se) .  No  in-plane  equilibrium  direction  roughly  along 
first  internal  neighbours  bonds  is  found  for  a-Se  as  opposed  to  the  case  of  t-Se. 


Figure  2  :  projection  on  the  (*,|) 
plane  (normal  to  the  screw  axis  c)  of 
the  3  atoms  k  «  1,2,3  of  one  unit  cell 
of  t-Se  and  of  their  two  first  exter¬ 
nal  neighbours  roughly  along  fik  and 


Figure  3  :  projection  on  the  x  y  plane 
of  the  8 atoms  k  ■  1  to  8  of  one  ring  of 
the  a-Se  unit  cell  and  of  the  external 
bonds  fyv  which  kre  roughly  itbng  Nt  or 
-Hk  (full  lines)  or  (dotted  lines). 


1 


I 

I 


C6-6I0 


JOURNAL  DE  PHYSIQUE 


Using  first  order  for  Aa^  only  gives  those  variations  of  akk  which  are  in 
the  plane  (Dfc,  Rk}.)  or  (D^,  R^) .  For  very  small  akK  the  variations  of  the  angle  of 
RkK  with  the  normal  to  these  plane  must  also  be  used  with  about  the  same  weight  as 
Aa^.  Me  then  decided  to  use  two  angular  coordinates  instead  of  the  Aakk  :  the 
Wilson  out-of-plane  variation  A@kk  of  the  angle  ekK  between  Rkk  and  or  -Nk  and  the 
variation  Aykk  of  the  angle  between  Rkk  and  the  unit  vector  E  or  -Ek  normal  to  the 
bissector  plane  (fig.  1  and  Eq.  6).  The  external  vibrationnal  potential  then  becomes: 


f 

a 


kK' 


2 


♦  f_ 


ra 


akX<1°° 

\  (±AEkK±AykK)  (Ark>k., 


+  Ar 


k,k+1 

(7) 


) 


The  last  term  with  the  force  constant  f_  in  Eq.  7  is  the  best  one  we  found  to  des- 

ra 

cribe  the  quite  strong  dispersion  of  the  highest  frequency  branche  f-K  in  t-Se 
(fig.  4).  The  signs  ♦  or  -  has  to  be  taken  such  that  the  forces  push  1C  in  the  bissec¬ 
tor  plane  toward  Dk  or  0‘k  (fig.  2).  The  first  term  in  Eq.  2  does  not  give  this  dis¬ 
persion  with  the  coefficients  which  were  calculated  for  equilibrium  in  a-Se  and 
t-Se  :  p  *  .54  A  and  C  =  3.00  A6. 

(21  (21 

Solving  the  eigen  values  equation  of  the  total  dynamical  matrix  +  V^' ,  we 
obtained  the  following  results owith  the  same  force  constants  for  t-Se  and  a-Se  : 
f  *  1.256  and  f  .  =  .047  md/A,  fa  =  .949  and  f  *  .150  md.A/rd2,  f  =.092  md/rd. 

r  rr  O  (X  ra 


Fig.  4  :  phonons  In  t-Se.  The  dashes  with  syswetry 
assignments  are  experimental  data  on  the 

zone. edges (2) . 
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table  1  :  The  first  four  co- 
lumns  give  the  .zone  center  , 
frequencies  of  a-Se  in  its  CjL 
space  group.  L 1 


In  the  fifth  column  of  table  1  are  the  experimental  results  and  assignements  for 
Isolated  rings  with  °4d  symmetry. 

The  other  force  constants  will  be  used  to  obtain  a  better  fit  between  theore¬ 


tical  and  experimental  phonon  energies  for  both  t-Se  and  a-Se. 

tefytnsg 


l.G.  LOOOVSKT  «t  al.  Solid  State  Com.  5,  113,  1967. 

X  W.D.  TmUCUST  et  el.  .  PHye.  C.  Solid  State  Phys.  8,  3725,  1975. 
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ULTRASONIC  RELAXATION  IN  a-SULFUR 


M.  Boissier,  R.  V«cher  and  B.  Perrin* 

Laboratoire  de  Spectromitrie  Rayleigh  Brillouin  (ERA  460),  University  dee 
Sciences  et  Techniques  du  Languedoc,  Place  E.  Bataillon,  34060  Montpellier 
Cedex,  France 

* Ddpartement  de  Recherches  Physiques  (LA  71),  Tour  22,  University  P.  et  M. 
Curie,  7S230  Paris  Cedex  OS,  France 

Abstract.-  We  present  new  measurements  of  the  temperature  dependence  of 
acoustic  damping  in  a- sulfur.  The  anomalous  elastic  properties  observed 
in  this  crystal  are  described  in  terms  of  a  "molecular  relaxation". 


Previous  studies  of  the  longitudinal  acoustic  wave  propagation  in  o-sulfur 
have  revealed  an  unusual  behaviour.  The  sound  absorption  is  very  high  for  a  dielec¬ 
tric  crystal.1  Furthermore,  Brillouin  scattering  measurements  have  given  evidence  of 
a  large  departure  from  the  usual  u)2 -dependence  of  the  attenuation  and  shown  the  re¬ 
lated  velocity  dispersion  in  the  frequency  range  10-25  GHz.2  A  phenomenological  des¬ 
cription  of  these  properties  has  already  been  given  in  terms  of  a  relaxational  pro¬ 
cess  involving  a  single  relaxation  time.3 

We  want  to  discuss  here  several  arguments  either  qualitative  or  quantitative 
allowing  to  interpret  the  relaxational  process  as  a  "molecular  relaxation".  We  also 
present  recent  Brillouin  scattering  measurements  of  the  acoustic  absorption  a  as  a 
function  of  temperature.  The  results,  shewn  in  Fig. 1 ,  indicate  a  temperature  depen¬ 
dence  of  o  very  different  from  that  observed  in  others  dielectric  crystals.  This 
confirms  that  the  Akhieser  daaping  mechanism4  (which,  in  most  cases,  accounts  well 
for  the  acoustic  dating  in  dielectric  crystals  for  the  frequency- tenperature  range 

considered  here)  is  insufficient  to  ex¬ 
plain  the  results  in  o-sulfur. 

In  molecular  crystals,  the  internal  vi¬ 
brations  of  molecules  are  slightly  affec¬ 
ted  by  the  lattice  vibrations.  Therefore, 
internal  and  external  vibrations  of  mole¬ 
cules  are  weakly  coupled  in  such  crystals. 
If  an  external  perturbation  is  applied  to 
the  crystal,  this  weak  coupling  corres¬ 
ponds  to  long  relaxation  times  of  the 
phonon  populations  during  the  the realiza¬ 
tion  of  the  phonon  gas.  This  effect, 
which  can  give  rise  to  an  ultrasonic  re¬ 
laxation,  will  be  called  "molecular  re- 
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laxation"  in  the  following.  The  existence  of  such  a  phenomenon  in  solids  has  first 
been  suggested  by  Liebermann.5  More  recently,6  it  has  been  shown  that,  for  this  re¬ 
laxation  mechanism,  the  anplitude  of  the  relaxational  term  reflects  the  anisotropy 
of  the  solid.  In  contrast,  the  frequency  dependence  is  not  affected.  Furthermore, 
a  new  expression  for  the  relaxation  amplitude  has  been  proposed  ;  when  the  relaxa¬ 
tion  spectrum  reduces  to  a  single  time,  the  following  expression  for  a  is  obtained 


°R 


1 

Is 


jkAfei^i 


1* 


<V 


TCy 


“I 


ps2  Sf  ^11+  w2t2 


U) 


where  s  and  to  are  the  velocity  and  frequency  of  the  elastic  wave,  respectively, 
p  the  mass  density,  T  the  absolute  temperature ,  Cy  the  specific  heat  at  constant 
volune,  Cj  the  specific  heat  associated  with  internal  vibration  modes,  the 

elastic  constants,  the  components  of  the  thermal  expansion  tensor,  e^  and  kj 
the  conponents  of  the  polarization  and  normalized  wave  vector  of  the  wave,  and  t 
the  relaxation  time. 

On  the  basis  of  the  following  arguments ,  we  propose  the  "molecular  relaxa¬ 
tion"  for  explaining  the  anomalous  acoustic  properties  of  a-sulfur  : 

U)  According  to  It) ,  the  transverse  waves  propagating  along  the  synmetry 
axes  of  the  (orthorhonfcic)  crystal  do  not  give  rise  to  "molecular  relaxation",  in 
agreement  with  experiment . 3 

l-oi]  As  the  coefficient  of  the  relaxation  in  ( 1)  varies  strongly  with  tenpe- 
rature,  it  can  be  shown  that  this  variation  is  conpatible  with  the  experimental  re¬ 
sults  for  a  plotted  in  Fig.1. 

[Ua.)  The  analysis  of  the  frequency  dependence  of  the  attenuation  shows  that 
the  expression  a  *  (At/(1+u2t2)  +  C)u>2  (2) 

can  be  fitted  to  the  experimental  results.  The  coefficients  A,  related  to  the  ampli¬ 
tude  of  the  relaxation,  C,  describing  that  of  the  Akhieser  damping  and  t  are  given 
in  Table  1.  In  this  Table,  t  appears  nearly  insensitive  to  the  anisotropy,  in  agree¬ 
ment  with  an  interpretation  in  terms  of  a  "molecular  relaxation". 

Uv)  By  coopering  Eqs.  (?)  and  (2),  an  estimate  of  Cj  can  be  deduced  for  each 
of  the  propagation  directions  studied,  the  other  quantities  appearing  in  II)  being 
known.  This  value  has,  obviously,  to  be  the  same  for  all  directions.  The  results, 
shown  in  Table  2,  indicate  a  (statistical)  dispersion  smaller  than  4  \  for  Cj.  The¬ 
refore,  the  anisotropy  of  the  relaxation  amplitude  is  well  described  by  the  "molecu¬ 
lar  relaxation"  model. 

(v)  Finally,  Cj  was  calculated  directly  from  the  frequencies  of  the  internal 
modes  measured  in  Raman  scattering  and  infrared  absorption  experiments.  In  this  cal¬ 
culation,  we  neglected  the  spatial  dispersion  of  internal  modes.  Such  an  estimate 
gives  0.98  xio*  which  is  close  enough  from  the  average’^alue  of  Cj  in 

Table  2  (0.81  x1(j*  J.ar’.K-1). 

In  conclusion,  we  suggest  that  the  relaxational  behaviour  of  the  acoustic 
properties  of  a-sulfur  would  be  the  first  evidence  of  "molecular  relaxation”  in  an 
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Table  1  - 


Propagation 

direction 

(100) 

(010) 

(001) 

(110) 

(101) 

(011) 

A 

(10_s  m_1  x  s) 

5.6 

9.0 

3.2 

8.2 

6.2 

4.1 

/ — s 

O 

1 

CB 

3,° 

5.7 

2.6 

6.4 

3.3 

1.5 

3.9 

(ps) 

10.3 

10.3 

10.5 

10.5 

10.5 

10.5 

inorganic  molecular  crystal.  It  seems  therefore  that  this  phenomenon  is  a  characte¬ 
ristic  property  of  what  we  can  term,  in  a  broad  sense,  the  "molecular” ^crystals. 

1  J.  Sapriel ,  L.  Rivoallan  and  J.L.  Ribet ,  J.  Phya. (Paris)  33  (1972)  C6-150. 

2  R.  Vacher ,  J.  Sapriel  and  M.  Boisaier,  J.  Appl.  Phya.  45  (1974)  2855. 

3  R.  Vacher ,  M.  Boiaaier  and  F.  Michard ,  in  "Light  Scattering  in  Solida", 

(Flaimarion,  Paris,  1975)  p.  651-5. 

4  A.  Akhieeer,  J.  Phya.  (U.S.S.R.)  I  (1939)  277. 

5  L.N.  Liebermann,  Phye.  Rev.  113  (1959)  1052. 

6  B.  Perrin,  Phya.  Rev.  (to  be  published) . 


Table  2  -  Experimental  estimate  of  Cj  at  293  K  from  relation  ( 1 ) 


(p  -  2.07 

X  103  Kg.m-3  ;  Cy  - 

1.39  x  10s 

J.m-’.K-1) 

* 

t 

1,0,0 

0,1,0 

0,0,1 

y(U,0) 

y(1,0,1) 

XdM,1) 

s(m  x  s-1) 

2641 

2493 

2997 

2484 

2628 

3144 

^(cijMpMeikj) 

0.909 

0.983 

0.871 

0.943 

0.879 

0.919 

Cj(10*  J.m-’.ir1 

0.780 

0.827 

0.747 

0.820 

0.830 

0.843 
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RECENT  ADVANCES  IN  THE  THEORY  OF  PHONONS  IN  SEMICONDUCTORS 
R.M.  Martin 

Xerox  Palo  Alto  Reeearoh  Centers,  3323  Coyote  Bill  Road ,  Palo  Alto,  CA  94204, 
U.S.A. 

University  P.  et  M.  Curie,  Dept.  Reoherohes  Physiques,  4  place  Jussieu, 

78230  Paris,  France. 


Abstract  *  Calculations  of  structural  energies  of  solids  have  recently  readied  a  new  stage, 
in  which  it  has  been  shown  to  be  feasible  to  calculate  directly  crystal  structures  of 
minimum  energy  and  distortion  energies  that  determine  harmonic  phonon  eigenmodes 
and  anhannonic  terms.  In  this  paper  are  discussed  1)  calculationa!  methods,  2)  recent 
results,  which  have  been  shown  by  several  groups  to  give  accurate  results  for  Si,  Ge, 
GaAs  mid  Se  with  no  adjustable  parameters,  3)  the  corresponding  electronic  charge 
densities,  which  show  graphically  the  bonding  and  suggest  interpretations  for  the  origins 
of  the  atomic  forces.  Comparisons  of  direct  computations  of  total  energy  differences 
with  second-order  perturbation  calculations  of  harmonic  coefficients  shows  the 
advantages  and  disadvantages  of  each  method  mid  how  each  can  complement  die  other. 


L  Introduction 

The  structural  properties  of  solids  consist  of  die  equilibrium  structure  and  the  dynamics  of 
the  motion  of  the  atoms  around  their  equilibrium  positions.  The  subject  of  this  conference  is 
indicative  of  the  division  of  this  field  of  study  into  separate  areas-both  experimentally  and 
theoretically -with  the  interest  here  focused  upon  dynamics.  Within  this  division  there  are 
many  subdivisions  into  harmonic  phonons,  anhannonic  interactions,  coupling  of  phonons  and 
photons,  etc.  However,  it  has  been  shown  recently1'*  that  all  of  these  structure-related  properties 
can  be  considered  theoretically  in  a  unified  maimer  so  that  equilibrium  positions,  harmonic  and 
anhannonic  forces,  effective  charges,  etc.,  can  be  calculated  directly  from  the  underlying 
Hamiltonian  of  the  electron-km  system.  The  methods  that  have  been  devised  are  particularly 
well-suited  for  semiconductors,  and  complete  calculations  on  Si,*4  Ge,3-5  GaAs47  and  Se*  have 
shown  that  very  good  agreement  with  experiment  (and  confident  predictions  of  quantities  not 
known  experimentally)  can  be  achieved  with  ab  initio  calculations  having  no  adjustable 
parameters.  In  this  paper  I  will  attempt  to  present  a  brief  review  of  this  work,  oriented  to 
emphasize  the  dynamical  aspects  and  to  provide  relations  among  many  theoretical  papers 
presented  at  this  confortticeiOJWJ 

Structural  energies  and  forces  are  determined  by  the  total  energy  of  the  system  of  ions  and 
electrons.  Within  the  adiabatic  approximation,  the  electrons  respond  instantaneously  on  die 
time  scale  of  atomic  motions  and  die  total  energy  can  be  considered  a  function  only  of  the 
positions  of  die  ions,  which  we  denote  schematically  by  R.  The  total  energy  can  be  written2^ 
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E»(R)=  E,,(R)  +  E„(R),  (1) 

where  E,j  is  the  direct  ion-ion  interaction  energy,  and  Ed  is  the  total  energy  of  the  electrons 
moving  in  the  potential  field  of  the  ions,  including  die  quantum  mechanical  kinetic,  exchange, 
and  correlation  energies.  The  equilibrium  structure  is  determined  by  minimization  of  the  total 
energy,  a  necessary  condition  for  which  is  that  the  force  on  every  atom  is  zero  at  its  equilibrium 
position.  This  is  the  first  step  in  any  ab  initio  calculation  of  structural  energies. 

Distortion  energies  that  determine  the  stability  of  the  structure,  phonon  frequencies,  etc.,  are 
given  by  E^fR)  for  positions  R  away  from  equlibrium.  There  are  two  primary  ways  to  proceed 
at  this  point:  1)  the  "direct”  method,1-2  in  which  E^R)  is  calculated  directly  for  the  distorted 
crystal  and  2)  the  perturbation  method,14  in  which  the  energy  is  expanded  to  second  order  in  AR 
to  determine  harmonic  phonon  energies.  The  latter  approach,  also  termed  die  dielectric 
function  formulation  of  lattice  dynamics,14  has  a  long  history ls  and  has  been  successfully  applied 
in  free-ekctron-like  metals,15  however,  crystals  with  covalent  bonding  are  much  more  difficult 
and  explicit  evaluation  of  these  formulas  has  been  reported  in  only  a  few  instances.*'11-171*  The 
advantage  of  the  perturbation  method  is  that  any  harmonic  phonon  at  any  wavevector  q  can  be 
treated.  The  disadvantage  is  that  it  requires  a  heavy  machinery  and  it  is  limited  to  harmonic 
properties.  We  will  first  describe  the  "direct"  method,  which  shows  most  clearly  the  unity  of  die 
theory  of  structural  properties,  and  in  the  later  sections  we  will  return  to  other  formulations. 

D.  The  Direct  Method 

The  "direct"  or  "dozen  phonon"  method1-2  provides  a  unified  approach  for  calculation  of 
structural  energies.  It  discards  the  notion  of  the  orders  of  perturbation  theory  and  treats  the 
distorted  crystal  directly  as  a  new  crystal  with  a  new  structure  having  symmetry  lower  than  the 
undistorted  crystal,  whether  the  magnitude  of  the  distortion  is  large  or  smalL  Exactly  the  same 
methods  are  used  for  undistoned  and  distorted  crystals  and  the  total  energy  is  calculated  directly 
as  a  function  of  the  positions  of  the  ion  centers.  In  a  unified  manner  one  can  find  the 
equiibrium  structure,  harmonic  and  anharmonic  energies,  and  properties  of  the  electrons,  such 
as  polarizabilities  and  dipole  moments.*-7  Previously,  such  direct  calculations  have  been 
restricted  to  simple  high-symmetry  crystal  structures.19  The  extension  to  distorted  structures 
greatly  extends  the  usefulness  of  total  energy  calculations  and  it  provides  a  very  severe  test  for 
current  theories  of  exchange  and  correlation  energies  in  interacting  election  systems. 

The  approach  which  he  proved  very  successful  and  feasible  for  calculation  of  exchange  and 
correlation  energies  is  the  density  functional  method  of  Hohenberg,  Kohn.  and  Sum,20  who 
proved  that  the  total  energy  is  uniquely  related  to  the  ground  state  charge  density  n(r)  through  a 
functional  E„  =  Fin}.  Even  though  the  exact  form  of  Fin]  is  unknown,  it  is  extremely  useful 
that  the  theory  is  formulated  in  terms  of  n(r)  which  is  itself  a  measurable  quantity.  For 
example,  changes  in  charge  density  are  directly  related  to  the  distortion  energies,  forces  we 
determined  rigorously  by  n(r)  as  shown  by  foe  Hellman-Feynman  theorem,5-15-21  and  dielectric 
response  functions  can  be  uniquely  related  to  functional  deriatives  of  Fin].2-21  Explicit  solutions 
for  n(r)  result  from  foe  varfcponal  requirement  that  F[n]  is  minimum  for  foe  correct  n(r).  In 
Ref.  20  it  was  shown  how  one  could  define  tractable  self-consistent  solutions  to  foe  variational 
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equations  if  the  exchange-correlation  part  of  the  functional  e,c  is  assumed  to  be  local  Within 
this  local  density  functional  (LDF)  approximation  the  function  eu  (n(r))  must  be  the  same  as  for 
a  uniform  electron  gas  cu(n)  for  which  various  functions  have  been  proposed  and  utilized:  the 
well-known  nm  form  with  coefficient  ~  0.7-0.8,13'7  the  Wigner  interpolation  formula4  and 
others.3-19  These  forms  are  very  similar  in  the  range  of  n  considered  here.  The  results  given 
below  strongly  support  the  conclusion  that  the  LDF  approximation  is  very  good  in  the 
semiconductor  crystals  and  that  the  agreement  with  experiment  is  better  than  can  be  justified  by 
rigorous  anahysis. 

The  most  important  advance  in  the  recent  work  is  the  development  of  techniques  to  solve 
the  self-consistent  electronic  equations  rapidly  and  accurately  enough  to  calculate  the  small 
energy  differendes  between  distorted  and  undistorted  crystals  (the  non-systematic  errors  must 
be  less  than  0.01%  on  the  total  energy).  The  method  to  make  this  feasible  in  semicondutors  is 
given  in  Ref.  2:  the  important  simplifications  are  the  use  of  pseudopotentials  for  the  km  cores, 
the  "special  points”  method22  whereby  the  sums  over  the  Brillouin  Zone  can  be  reduced  to  a 
few  points,  Lowdin  perturbation  theory  for  higher  plane  waves,  and  schemes  to  quickly  reach 
convergence.23  All  these  steps  can  be  checked  and  it  has  been  found  possible  to  achieve 
essentially  arbitrary  accuracy  in  the  solutions.  Let  us  note,  in  particular,  that  the  use  of  a 
pseudopotential  is  just  a  convenient  procedure  for  eliminating  the  deep  core  electrons.  It  can  be 
generated  in  an  oh  initio  manner  to  reproduce  very  accurately  the  valance  charge  density.24  The 
only  essential  approximation  is  the  assumption  that  the  core  is  rigid.  Even  this  has  been  tested 
by  Harmon,  Weber,  and  Hamann4  who  have  carried  out  all-electron  calculations  and  have 
shown  that  the  rigid  ionic  pseudopotential  is  very  accurate  except  possibly  for  vety  large 
deformations  where  effects  of  non-rigidity  of  the  core  were  detected. 

DI.  Results  of  Direct  Calculations 

The  most  systematic  and  complete  investigation  of  the  structural  properties  of  a  crystal  has 
been  carried  out  for  Si2"4  using  the  direct  calculations  of  E^,.  The  original  work  of  Wendel  and 
Martin2  on  the  equilibrium  and  harmonic  and  enharmonic  energies  has  now  been  extended  in 
Refs.  3  and  4.  Yin,  Ihm,  and  Cohen3  have  utilized  more  accurate  potentials  and  considered 
many  crystal  structures  and  phonons.  It  is  remarkable  that  the  lattice  constant,  bulk  modulus, 
and  phonons  at  r,  X,  and  L,  and  Gruneissen  parameters  are  all  calculated  to  within  a  few 
percent  of  experimental  values.3  Harmon,  Weber,  and  Hamann4  have  derived  many  of  these 
quantities  in  all-electron  calculations  and  have  in  addition  calculated  the  internal  strain 
parameter  and  die  cubic  anhannonkity  of  the  TO(r)  phonon.  Based  upon  these  resefhs,  it  is 
dear  that  Si  is  one  of  die  best  understood  of  all  crystals  from  a  structural  point  of  view,  and  that 
confidence  can  be  placed  in  other  results,  e.  g  anharroonkty,  not  known  experimentally. 

Aside  from  die  interesting  results  for  die  energies,  particularly  to  low  frequency  TA (X) 
inodes  and  its  negative  Gruneisen  parameter,24  die  calculations  show  directly  the  role  of  the 
electrons  in  determining  the  forces.  For  example,  it  is  shown  in  Ref.  2  that  the  ion-ion  forces 
destabilize  die  TA(X)  and  the  closely-related  shear  elastic  constant  It  is  the  covalent 

electron  contributions  dial  give  the  shear  stability.  Furthermore,  die  low  TA(X)  frequency 
results  from  relaxation  of  the  bonding  charge  density  between  certain  atoms  as  is  shown  in  Fig. 
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5  of  Ref.  2..  This  rotational-type  relaxation  is  very  similar  to  the  displacement  of  bond-charges 
in  the  adiabatic  bond-charge  model  of  Weber,25  however,  the  upper  part  of  figure  shows  that 
there  is  also  charge  transfer  between  the  bond  charges.  This  is  especially  important  in  die  bond 
stretching  modes,  such  as  TO  (r),  and  is  not  included  in  the  bond-charge  models.25  This  is  an 
example  of  the  electronic  effects  that  determine  die  atomic  forces  and  which  can  be  given  in  ab 
initio  calculations.  It  may  be  possible  to  include  such  effects  in  future  model  calculations,  but  it 
is  essential  to  have  the  ab  initio  calculation  to  determine  what  is  the  appropriate  model. 


In  the  cases  of  GaAs*-7  and  Se8  new  features  enter  the  theoretical  considerations.  GaAs  is  an 


example  of  an  ionic  crystal  in  which  there  are  tong-ranee  electrostatic  forces  which  cannot  be 
included  in  die  types  of  calculations  used  for  Si  and  Ge,1-5  It  is  shown  in  Ref.  7  how  long- 
ranged  Coulomb  forces  can  be  included  in  finite  cell  calculations  with  a  cell  size  which  is 
feasible  (8-12  atoms  per  cell*7).  The  key  quantity  is  die  effective  charge  which  may  be 
determined  by  displacing  planes  of  atoms  in  the  crystal  and  calculating  the  dipole  moment 
resulting  from  the  bare  ion  plus  the  electronic  contributions.*-7  In  Fig.  1  are  given  change  in 
electronic  charge  density  calculationed  as  described  in  refs.  6  and  7  for  GaAs  crystals  with 
displaced  (001)  planes  of  atoms,  Ga  planes  in  the  upper  part  and  As  planes  in  the  tower  part  of 
the  figure.  The  ionic  plus  electronic  charge  contributions  define  the  longitudinal  effective 
charge7  and  die  calculations  give  +0.155  for  Ga,  and  -0.148  for  As  comDared  to  the 
experimental  value  of  ±  0.197,  where  the  sign  is  unknown  experimentally.  The  close  agreement 
for  Ga  and  As  taken  from  two  independent  calculations  shows  internal  accuracy  of  the 
calculations.  The  power  of  the  direct  method  illustrated  by  the  fact  that  exacdv  the  same 
computer  programs  and  convergence  criteria  can  be  used  for  such  apparendy  diverse  problems 
as  the  effective  charge7  in  GaAs  and  the  electronic  potential  for  Ge-GaAs  interfaces21 


Fig.  1.  The  change  in  charge  density  per 
unit  displacement  of  the  central  plane  of 
atoms,  Ga  in  die  upper  curve  and  As  in  the 
lower.  The  double  arrows  indicate  die 
displacement  to  the  right  The  coordinate  is 
in  the  [001]  direction  and  the  density  is 
averaged  over  (001)  planes.  The  longitudinal 
effective  charge  is  the  sum  of  the  ionic  part 
plus  the  moment  of  the  electronic  density 
shown  here.  Details  are  given  in  Ref.  7. 


< 


C6-62I 


Another  problem  of  general  importance  encountered  in  GaAs  is  that,  at  points  such  as  X, 
the  phonon  eigenvectors  are  not  known  experimentally.  Eigenvectors  are  just  as  important  as 
eigenfrequendes  for  a  complete  description  of  lattice  dynamics,  yet  they  are  difficult  to  measure 
and  generally  are  unknown  except  when  determined  by  symmetry.  It  is  possible  to  determine 
eigenvectors  from  cross  terms  in  the  total  energy  and  this  has  been  done  via  direct  calculations 
for  GaAs  at  the  X  point,6  in  the  first  ab  initio  calculation  of  eigenvectors  to  the  knowledge  of  the 
author.  The  results  are  discussed  in  detail  in  Ref.  6  where  it  is  shown  that  the  calculated 
eigenvectors  provide  a  very  stringent  test  for  phenomenological  models:  of  six  different  models, 
all  of  which  fit  all  known  frequendes  extremely  accurately,  there  is  complete  disagreement  on 
the  eigenvectors  and  only  one  (and  perhaps  a  second)  is  even  close  to  the  present  results. 

The  unique  advantage  of  the  direct  method  is  the  ability  to  calculate  energies  for  large 
displacements  of  the  ions.  Let  us  consider  one  example,  perhaps  the  most  interesting  of  die 
results  reported  so  far.  In  calculations  described  in  Ref.  6,  it  was  found  that  for  several 
displacement  patterns  in  GaAs  the  energy  has  die  form  E^fR)  =  Ep  +  Au2  +  Bu4  +  Cu6,  with 
A,O0,  but  B<0.  This  can  lead  to  interesting  results  as  shown  in  Fig.  2  for  the  TA(X)  mode  in 
GaAs.  The  harmonic  frequency  of  this  mode  decreases  with  pressure  (decreasing  lattice 
constant  in  the  figure)  so  that  a  second  minimum  developes  which  eventually  has  lower  energy 
than  die  undistorted  crystal.  Thus  the  calculations  predict  a  first  order  phase  transition  to  a 
lower  symmetry  structure  at  a  pressure  where  the  squared  TA  frequency  is  reduced  by  a  factor 
of  about  2,  which  may  occur  before  the  known  transition  to  the  metallic  NaCl  phase. 


10*  »(Hl/»)a 


Fig.  1  Variation  of  the  calculated  total 
energy  of  a  GaAs  crystal  with  the  square  of 
die  displacement  which  is  approximately  die 
TA(X)  mode.  The  curves  are  shown  at 
several  pressures  and  we  see  die  decrease  of 
the  harmonic  part  (dashed  lines)  with 
decreasing  lattice  constant  a.  Anharmonkfly 
becomes  relatively  more  important  until  a 
second  minimum  develops  at  finite 
displacement  indicating  a  posable  first  order 
phase  transition.  From  Ret  6. 
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In  Se*  the  new  feature  is  the  low  symmetry  of  the  equilibrium  structure,  so  that  determining 
the  equilibrium  lattice  structure  is  obviously  the  first  theoretical  problem.  There  are  three 
independent  variables  describing  the  structure  a,  c/a,  and  chain  radius  r.  The  positions  of  the 
atoms  for  zero  forces  conjugate  to  each  of  these  variables  determines  the  structure  and  the 
curvature  determines,  B,  Cn  and  the  A  (r)  phonon  frequency.  Vanderbilt  and  JoaimopoukM* 
have  shown  the  calculations  can  be  done,  with  reasonable  agreement  with  experiment,  and 
furthermore  have  proceeded  to  look  for  new  metastable  minima  for  large  displacements 
corresponding  to  three- fold  and  one-fold  coordination  of  atoms.  These  large  changes  are 
thought  to  be  very  important  in  the  electronic  properties  of  chacogenides  and  their  work  is  an 
extremely  important  step  going  far  beyond  the  phonon  approximation  to  look  for  new  stable  or 
metastable  structures. 

It  is  also  important  to  mention  that  approximate  versions  of  the  direct  method  have  been 
used  to  predict  surface  reconstructions  on  a  variety  of  semiconductor  surfaces26,  and  density 
functional  calculations  has  been  reported  for  a  Si  surface27  and  a  Ge-GaAs  interface.23  These 
involve  changes  in  bonding  and  are  very  important  application  of  ideas  similar  to  those  in  Se  for 
prediction  of  entirely  new  situations. 

Finally,  at  this  conference  is  presented  an  entirely  new  use  of  the  direct  method  to  calculate 
entire  dispersion  curves.5-2*  The  idea  is  to  displace  one  plane  of  atoms  represented  by  one  atom 
in  a  large  ceil  (8  or  12  aoms  "superceDs")  and  to  use  the  Hellman-Feynman  theorem  to  calculate 
the  forces  on  all  the  planes  of  atoms  in  the  vicinity  of  the  displaced  plane.  It  is  shown  in  Ref.  7 
that  interplanar  forces  are  always  short  range  even  in  ionic  crystals  and,  provided  the  cell  is  large 
enough,  complete,  accurate  dispersion  curves  can  be  calculated.  The  set  of  harmonic  forces, 
changes  in  electronic  charge  density,  many  different  anharmonic  terms,  effective  charges,  etc, 
can  be  considered  in  a  unified  manner  calculated  simultaneously  from  a  small  number  of  self- 
consistent  calculations.  Results  are  given  in  Refs.  S  and  28  which  show  that  complete  dispersion 
curves,  eigenvectors,  and  dielectric  properties  such  as  effective  charges  and  dielectric  constant, 
can  all  be  calculated,  providing  a  very  complete  description  of  fortes  in  the  crystal 

IV.  Perturbation  Methods 

As  was  mentioned  in  the  introduction,  perturbation  methods  are  very  powerful  for 
calculating  linear  response  functions  and  harmonic  forces.  Using  perturbation  theory  on  foe 
perfect  crystal,  it  is  much  more  straightforward  than  in  the  direct  method  to  calculate  dielectric 
functions  and  harmonic  phonons  of  arbitrary  points  in  the  Brilkroin  Zone;  thus  this  approach 
will  always  be  preferable  for  some  problems.  A  comparison  of  foe  two  approaches  is  given  in 
Ref.  21,  where  it  is  shown  that  ideas  from  each  method  can  be  used  to  aid  calculations  in  the 
other  method  In  particular  the  usefulness  of  the  density  functional  can  be  transferred  to  foe 
perturbation  method1021  and  the  perturbation  theory  can  be  used  to  increase  foe  rapidity  of 
convergence  in  foe  self-consistent  cycles  required  in  the  direct  calculations.22 

The  most  complete  perturbation  calculations’-2017-1*  have  been  for  Si,  as  was  the  case  with 
die  direct  method  The  only  complete  dispersion  curves  have  been  published  by  Bertoni,  et  al1T 
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and  by  Van  Camp,  Van  Doren,  and  Devreese9  with  more  recent  results  presented  at  this 
conference.10  The  current  results  do  not  agree  with  experiment  as  well  the  results  of  direct 
calculations3  4  because  they  have  not  been  done  with  accurate  pseudopotentials.  However,  the 
method  has  the  capability  to  give  very  complete  information  on  the  harmonic  lattice  dynamics. 
Let  us  note  also  the  calculation  by  Muramatsu  and  Hanke12  (using  different  methods  for 
exchange  and  correlations)  who  apply  the  dielectric  function  method  to  look  for  phonon 
softening  and  instability  to  reconstruction  on  the  Si  (111)  surface. 

One  of  the  powers  at  the  perturbation  method  is  the  ability  to  consider  long  range  forces 
and  take  the  q  -*  o  limits14  much  more  easily  than  in  the  direct  method7.  If  the  dieletric 
function  matrix  t  is  known,  the  transverse  effective  charge  e*t  for  ion  i  is  given  by14 

e*  =  lim(q-0)  q  e1  (q,  q+G)  (q+G)  Vs  ( q+G),  (2) 

where  Vi  is  the  same  bare  ionic  potential  potential  that  determines  the  electronic  states  of  the 
undistorted  crystal  This  has  been  calculated  for  many  ionic  semiconductors  in  papers  at  this 
conference  by  Rests  and  Baldereschiu  and  by  Olego,  Vogl,  and  Cardona,13  who  consider 
volume  dependence  of  the  charge.  The  trends  among  several  crystals  can  be  seen  in  the  results 
of  Ref.  11.  however,  there  are  inconsistencies  in  the  use  of  Vs  and  e'1  that  affect  the  values  of  e* 

V.  Summary 

In  conclusion,  recent  calculations1'*  of  energies  and  forces  using  electronic  Hamiltonians, 
have  brought  our  understanding  of  structural  properties  to  a  new  stage  in  which  the  equilibrium 
structure  and  lattice  dynamics  can  be  treated  in  a  unified  manner.  Because  of  the  computational 
simplicity  of  the  density  functional  method,20  foe  very  difficult  problem  of  electronic  exchange 
and  correlation  can  be  handled  accurately  enough  to  calculate  equilibrium  lattice  constants  and 
atomic  positions,  harmonic  and  anharmonic  force  constants,  ground  state  electronic  properties, 
such  as  effective  charges,  etc.  The  computational  technique  which  has  made  this  possible  is  the 
"direct"  method2  and  foe  greatest  advantage  of  this  approach  is  the  ability  to  deal  with  many 
different  situations -perturbative  and  non-perturbative  -  on  the  same  basis.  Extensive  results 
on  Si,2-4  Ge,3-5  GeAs,M  and  Se*  have  firmly  established  foe  power  of  this  method.  The 
development  of  perturbation  methods  9‘14’17U  is  also  very  useftil  and  can  potentially  provide  a 
more  detailed  description  of  foe  harmonic  parts  of  the  restoring  forces.  Together  these  two 
calculations!  methods  hold  foe  promise  of  providing  very  complete  structural  information  on 
many  systems  including  semiconductor  crystals,  surfaces,  and  interfaces. 

This  work  was  supported  in  part  by  Department  of  foe  Navy  contract  N00014-79-C-0704  issued 
by  foe  Office  of  Naval  Research.  The  United  States  Government  has  a  royalty-free  license 
forought  the  world  in  all  copyrightable  material  contained  herein. 
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FIRST  PRINCIPLES  CALCULATION  OF  THE  PHONON  SPECTRA  OF  SOLIDS* 

P.E.  Van  Camp,  V.E.  Van  Doran  and  J.T.  Devreese** 

University  of  Antwerpen,  Belgium. 


Abstract . -  In  this  article,  a  first  principles  microscopic  calcu¬ 
lation  of  Si  is  presented  and  compared  with  results  of  other 
methods . 


In  the  last  few  years  several  groups  have  achieved  first  principles 
microscopic  calculations  of  phonon  frequencies  of  semiconductors.  Two 
different  approaches  have  been  used.  The  first  results  published1  were 
obtained  by  calculating  the  total  ground  state  energy  of  the  crystal  as 
a  function  of  the  lattice  parameter.  In  this  method  the  unit  cell  of 
the  crystal  has  to  be  adapted  to  satisfy  the  symmetry  requirements 
imposed  by  the  lattice  displacements  of  a  particular  phonon  mode.  This 
implies  that  such  a  method  is  in  practice  restricted  to  phonon  fre¬ 
quencies  of  high  symmetry  points  (r,X,L).  Recently,  refinements  of 
this  method  have  lead  to  calculations  of  the  phase  transformations  of 
covalent  semiconductors  and  of  a  few  phonon  frequencies  of  Si. 

In  the  second  approach,  the  electronic  contribution  to  the 
dynamical  matrix  is  treated  by  means  of  the  dielectric  screening  theory 
which  describes  the  linear  response  of  the  electronic  system  to  the 
displacements  of  the  ions.  This  formalism  has  been  known  for  a  long 
time1.  The  advantage  of  the  dielectric  screening  method  over  the 
above  mentioned  total  energy  difference  approach  is  that  it  is  not 
restricted  to  high  symmetry  points  but  can  be  used  to  calculate  the 
complete  phonon  dispersion  curves. 

In  this  dielectric  screening  method,  the  essential  quantity  is 
the  polar! sability  matrix  y.  The  present  authors  have  calculated  the 
Bartree  expression  of  the  dielectric  matrix  by  expanding  X  in  terms  of 
moments.  This  procedure  incorporates  the  effect  of  all  conduction 
bands,  which  is  impossible  to  achieve  in  a  direct  summation  over  the 
bands.  The  results  for  Si  where  the  csroth  moment  is  evaluated  expli¬ 
citly  sad  the  ratio  of  the  first  to  the  xsroth  moment  is  a  calculated 
constant  are  given  in  fig.  1.  Details  of  this  calculation  can  be 
found  slsewhare  *.  It  was  found  that  in  order  to  obtain  realistic 
phonon  curves  it  is  crucial  to  achiava  consistency  between  the 

•Work  supported  in  part  by  a  CD c-grant. 

•♦Also  at  T.l.  Kindhoven,  The  Netherlands. 
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Pig. 1. 

electron-ion  potential  and  the  crystal  potential  used  to  calculate 
the  electron  wave  functions. 

Recently,  the  present  authors  have  investigated  the  exchange- 
correlation  contribution  to  the  phonon  freguencles.  The  sajse  exchange- 
correlation  effects  (p  ’  approximation)  are  included  in  both  the 
Haniltonian  and  in  the  dleleetrle  Matrix  (sea  eq.  (1)  in  ref.  4).  The 
aunaationa  over  the  conduction  bands  havs  been  performed  explicitly. 
Furthermore,  the  lattice  constant  is  not  taken  from  experiment  but  is 
calculated  from  minimising  the  total  energy  of  the  crystal  -  as  it 
should  be  done  in  order  to  have  a  system  without  stress  -  the  follow¬ 
ing  results  are  obtained  in  lol*  is 

•  r  TO (X)  LOA(X)  TA (X) 

5.57  It. 74  17. 3S  14.36  4.38 

Xa  conclusion,  the  dielectric  screening  epproaeh  shows  thet 
teillltle  phonon  frequencies  for  ell  waveveetors  are  obtained  from  a 
first  principles  calculation. 
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VIBRATIONAL  FREQUENCIES  VIA  FROZEN  PHONONS 

B.N.  Hannon*^,  W.Weber*and  D.R.  Hamann** 

* Kemforsohungszentrum  Karlsruhe,  Institut  fUr  Angewandte  Kemphysik  I, 
D-7SOO  Karlsruhe,  F.R.G. 

**Bell  Laboratories ,  Murray  Hill,  NJ  07974,  U.S.A. 

Abstract.-  He  have  used  a  first  principles  linear  combination  of  atomic 
orbitals  (LCAO)  method  to  calculate  the  total  ground  state  energy  for 
crystals  of  Si,  Nb  and  Mo  involving  lattice  distortions.  From  these  cal¬ 
culations  the  equilibrium  lattice  constant,  cohesive  energy,  and  bulk 
modulus  as  well  as  the  vibrational  frequencies  for  selected  phonons  were 
determined. 


1.  Introduction . -  Band  theoretical  methods  are  finding  increased  use  in  the 
study  of  electronic  response  to  lattice  distortion  (caused  by  compression, 
stress,  phonons,  etc.).  These  techniques  provide  a  tool  for  accurately  calcu¬ 
lating  from  first  principles  the  frequency  and  charge  density  response  for 
phonons  at  selected  wavevectors.  These  techniques  have  already  been  applied  to 
Si  with  considerable  success  using  the  pseudopotential  1,2  and  LCAO  3  methods. 

Here  we  briefly  present  our  LCAO  method  and  our  results  for  Si  and  then  discuss 
the  application  of  the  method  to  metals  giving  preliminary  results  for  Nb  and 
Mo. 

2.  Method.-  He  have  used  the  local  density  approximation  for  exchange  and  cor¬ 
relation*  combined  with  a  first  principles  tight  binding  method,  the  details  of 
which  have  been  described  elsewhere.3>5»fc  The  method  employs  an  atomic 

basis  composed  of  Gaussian  functions  which  allov  easy  analytic  evaluation  of  all 
three  center  integrals.  The  potential  is  expanded  in  a  second  Gaussian  basis 
set  and  is  general  (i.e.,  no  muffin-tin  approximation  is  made).  The  calcula¬ 
tions  are  iterated  until  the  total  energy  is  stable  to  seven  significant  digits. 
Absolute  errors,  for  example  those  associated  with  the  approximate  treatment  of 
exchange  and  correlation,  are  of  course  larger,  but  they  are  expected  to  cancel 
since  we  consider  only  energy  differences. 

3.  Application  to  Si.-  Si  was  used  as  a  tast  case  to  first  avoid  complications 
caused  by  a  Fermi  surface.  Using  the  froaen  core  approximation  the  total  energy 
was  evaluated  at  eight  values  of  the  lattice  constant  and  least  squares  fit  with 

^Operated  for  the  U.S.  Department'  of  Xnergy  by  Iowa  State  University  under  contract 
no.  W-7*O5-Eng-02 .  ibis  work  was  supported  by  the  Office  of  Basic  Energy  Sciences. 

(>)  Also  Ames  Laboratory  and  Department  of  Fhysica,  Iowa  State  University,  Ames,  Iowa 
50011,  U.S.A 
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a  fourth  order  polynomial.  The  corresponding  equilibrium  lattice  constant,  balk 
modulus  and  cohesive  energy  are  listed  in  Table  1.  The  total  energy  was  also 
calculated  as  a  function  of  displacement  for  lattice  distortions  corresponding 
to  particular  normal  vibrational  modes.  These  yield  essentially  classical 
potential  wells  whose  curvature  gives  the  phonon  force  constant  or  frequency. 

The  frequencies  for  the  transverse  optic  phonon  at  T  [TO(r>]  and  the  transverse 
accoustlc  phonon  at  X  (TA(X)I  are  also  listed  in  Table  1.  There  is  good  agree¬ 
ment  with  experiment,  and  the  detailed  analysis  of  the  contributions  to  the 
total  energy  agree  with  previous  studies. The  charge  density  for  the  TO(D 
phonon  is  shown  in  Figure  1. 

Flg.l  :  The  charge  density  in  the 
(110)  plane  for  the  lattice  distor¬ 
tion  corresponding  to  the  T0(  F) 
phonon  with  a  displacement  of 
-0.1 37X  along  the  (111)  direction. 

(atomic  units  x  10^). 


4.  Application  To  Metals.-  For  metals  small  distortions  of  the  lattice  cause 
changes  in  the  band  occupation  near  the  Fermi  level  which  must  be  accounted  for 
in  calculating  changes  in  total  energy.  Indeed  such  effects  frequently  give 
rise  to  phonon  anomalies  in  transition  metals.?  One  approach  for  metals  is  to 
simply  keep  Increasing  the  nimber  of  k  points  sampled  until  convergence  is 
reached,  however,  this  is  costly  and  not  necessary.  Our  approach  has  been  to 
divide  the  irreducible  Brlllouin  zone  into  a  number  of  large  tetrahedrons  (32 
for  the  H  point  phonon  in  Nb  and  Mo)  and  take  the  center  of  mass  t  vectors  as  a 
sample  grid.  At  each  iteration  a  tight  binding  (TB)  fit  (see  lef.  7)  is  made  to 
the  eigenvalues  on  this  grid  and  is  used  to  determine  an  accurate  Fermi  energy 
and  surface.  The  occupied  volvme  as  determined  by  the  TB  fit  using  64  smaller 
tetrahedrons  inside  eacn  large  one  is  used  to  weight  the  t  points.  Calculations 
using  a  mixed  basis  pseudo  potential  technique  for  phonons  in  Nb  and  Mo  also 
confirm  the  importance  of  carefully  weighting  the  t  points.® 

The  equilibrium  lettice  constant,  bulk  modulus  and  cohesive  energy  are 
listed  in  the  table  sad  again  indicate  the  method  is  functioning  well  for  the 
evaluation  of  bulk  properties,  to  date  we  hnea  only  tested  the  method  for  the 
■-point  phonon  hr  Mb  Bed  Mb  with  that  results  listed  la  the  tabid.  His  phonon 
in  Mb  is  particularly  anomalous  as  m  result  of  a  aaaftng  feature  la  tha  Farsi 
surface.?  Tha  accurata  mndsllng  of  ehMgss  la  tha  Femi  smrfaca  as  provided  bp 
the  TB  fit  mas  required  before  the  theoretloml  frequency  urns  reduced  free  MThs 
te  S.7  TBs.  The  freqeemcy  wee  determlmed  bp  fitting  (rue  error  -  10**  By /atom) 


C6-630 


JOURNAL  DE  PHYSIQUE 


a  parabola  to  the  energy  calculated  for  displacement a  of  0.0641,  0.0781,  and 
0.0921,  which  are  comparable  to  the  displacement  caused  by  the  real  phonon. 

Very  small  displacements  lad  to  maaerlcal  problems  because  of  the  linear  Inter¬ 
polation  used  Inside  the  small  tetrahedrons,  and  much  larger  displacements 
caused  previously  unoccupied  portions  of  bands  to  dip  below  the  Fermi  level, 
giving  rise  to  enharmonic  or  non-parabolic  behavior  In  the  total  energy  vs  dis¬ 
placement  curve. 

5.  Conclusion.-  Our  encouraging  results  suggest  that  modern  band  theory  tech¬ 
niques  are  capable  of  becoming  a  useful  tool  In  studying  the  details  of  elec¬ 
tronic  response  to  certain  high  symmetry  lattice  distortions. 

6.  Acknowledgment . -  One  of  the  authors  (B.N.H.)  would  like  to  thank  the  staff  of 
the  Institut  fur  Angevandte  Kernphyslk  I,  Kernforschungssentrun,  Karlsruhe,  for 


their  kind  hospitality  during  his  stay. 

Table  1.  Calculated  and  experimental  properties 

a  B 

Lattice 

Bulk 

Cohesive 

Phonon 

Constant 

Modulus 

Energy 

Frequency 

(a.  u.) 

(Mbar) 

(eV/atom) 

(THs) 

Si 

calc.  10.40 

0.89 

4.92 

4.9  15.0 

exp.  10.26 

0.99 

4.84 

TA(X),  TO(D 

4.5  15.4. 

Mb 

calc.  6.32 

1.62 

6.63 

6.6*  H  point 

exp.  6.23 

1.74 

7.57 

6.4 

Mo 

calc.  5.99 

2.57 

6.28 

5.7  H  point 

exp.  5.95 

2.63 

6.82 

5.5 

*Thls  is  a  preliminary  value  based  on  a  fewer  cumber  of  small  tetrahedrons  and 
both  large  and  sero  displacements  so  that  It  la  less  precise  than  the  value  for 
Mo  (see  text). 
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LIGHT  SCATTERING  FROM  PHONONS  IN  GaAs-AlAs  SUPERLATTICES 

C.  Colvard*(l\  R.  Merlin*(l),(i),  M.  V.  Klein*(l)  ’ and  A.C.  Coward** 

*Materials  Research  Laboratory,  University  of  Illinois  at  Urbana-Cha/npaign, 

Urbana,  Illinois  61801,  U.S.A. 

Bell  Laboratories,  Hurray  Rill,  New  Jersey  07974,  U.S.A. 

Abstract.  Raman  scattering  data  have  been  taken  on  several  GaAa-AlAs  super¬ 
lattices  with  d<40  Folded  LA  and  TA  modes  are  both  seen  whose  frequencies 
are  well  fit  by  an  elastic  model  Involving  the  bulk  sound  velocities  of 
GaAs  and  AlAs.  A  number  of  peaks  appear  near  the  bulk  LO  and  TO  frequencies. 
Selection  rules  and  a  partial  examination  of  resonance  behavior  are  presented 

In  a  semiconductor  superlattice  composed  of  alternating  layers  of  GaAs  and 
AlAs  one  expects  the  increased  lattice  period  d  along  the  [001]  growth  direction 
to  fold  the  Brlllouin  zone  and  produce  new  zone-center  modes  derived  from  bulk 
wavevectors  q  “2rn/d,  where  n  is  an  Integer.  Raman  scattering  spectra,  which  probe 
qM),  clearly  show  the  presence  of  these  modes  in  the  acoustic  region  ‘tlOOca  .  The 
optical  region  around  the  bulk  LO  and  TO  phonons,  however,  is  more  difficult  to 
probe  because  the  smaller  dispersion  of  these  branches  causes  many  peaks  in  the 
spectra  to  overlap.  In  addition,  light  scattering  from  phonons  with  1j±[001]  may 
in  some  cases  become  allowed.  He  have  used  the  resonant  enhancement  of  the  light 
scattering  when  the  laser  energy  nears  the  band  gap  to  try  to  separate  these  peaks. 

The  samples  are  single  crystal  superlattices  ‘vA  microns  thick  grown  by  mole¬ 
cular  beam  epitaxy  on  GaAs  substrates.  He  have  looked  at  three  samples,  designated 
A-(4.81,  4.03),  B-(7.3,4-4),  and  0(9.4,3.85) .  Here  (£,m)  means  t  monolayers  of 
GaAs  and  m  monolayers  of  AlAs  per  period,  where  one  monolayer  is  'v-2.83  A.  Light 
scattering  is  done  in  backseat ter ing  geometry  from  the  (001)  surface. 

Several  folded  acoustic  modes  have  been  seen  in  addition  to  those  reported 
in  Ref.  1.  They  are  identified  by  their  selection  rules  and  their  proximity  to 
frequencies  calculated  by  the  elastic  model  described  in  that  paper.  The  transverse 
modes  have  E  symmetry  and  appear  in  both  the  (x,x)  and  (x,y)  spectra.  Here  (x,y) 
denotes  incident  light  polarised  along  [100],  scattered  along  [010].  Such  S  modes 
become  partially  allowed  when  the  laser  is  incident  at  the  Brewster  angle,  giving 
an  angle  in  the  sample  of  vl5*  to  the  normal.  He  ape  them  in  sample  A  at  43  and 
47  cm-1  and  in  sample  B  at  35  and  38  cm-1,  corresponding  to  the  first  aone-canter 
gap  q*2s/d.  The  longitudinal  modes,  which  should  have  A1  and  Bj  symmetry,  appear 
only  in  (m,x).  The  appearance  of  Bj  in  (*,x)  and  not  in  (x,y),  even  apparently  out 
of  reeemence,  is  pusaling  aims*  the  Raman  tensor  foe  the  »2(J  point  group  implies 
that  *2  only  should  bu  smen  i»  (X.y>.  These  modem  appear  in  sample  A  at  83.1  and 

ft)  Alts  at  Rapt,  of  Physics,  BaiVv  of  Illinois  at  liihaas  Hie  •paign 
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66.9  cm  *,  in  B  at  52  and  57  cm  *,  and  in  C  at  39  and  45  cm  *,  corresponding  to 
q“2s/d,  and  in  sample  C  at  80  and  85  cm  *  corresponding  to  the  next  higher  zone- 
center  gap  q»4w/d.  In  addition,  when  tne  laser  is  tuned  near  the  gap  energy,  the 
(x,x)  spectrum  shows  peaks  in  sample  A  at  30  and  36  cm  *  which  apparently  correspond 
to  scattering  from  the  zone  edge  q-ir/d  gap.  Possible  reasons  for  their  appearance 
are  i)  a  doubled  periodicity  folding  this  gap  to  the  zone  center,  resulting  for 
example  from  an  odd  number  £fm  of  monolayers  in  one  compositional  period,  or  li) 
momentum  conservation  relaxation  due  to  the  presence  of  disorder.  A  broad  struc¬ 
ture  (v30  cm-1  wide)  that  may  be  due  to  higher  gaps  is  also  seen  near  100  cm-*  in 
both  samples  A  and  B. 

An  example  typical  of  the  structure  in  the  optical  region  is  shown  in  Flg.l, 
taken  near  resonance  in  sample  B  at  180  K. 

Brewster  angle  backseat ter ing  gives  q  in 
the  x-z  plane  inclined  *7*  to  (001).  Five 
peaks  are  clearly  visible,  none  corres¬ 
ponding  exactly  to  the  bulk  GaAa  values  of 
270.4  cm-1  for  TO  and  293.7  cm-1  for  LO 
at  this  temperature.  The  peak  labeled  1 
is  E(T0)  and  disappears  in  exact  back- 
scattering.  It  corresponds  to  the  unfolded 
GaAs  TO  phonon  shifted  down  in  frequency  by 
the  super lattice.  Other  spectra  show  a 
clear  shoulder  on  this  peak  in  (x,y) 
around  255  cm  *.  Peak  2  is  similar  to  that 
labeled  E(LO^)  in  Ref. 2,  where  it  is  attri¬ 
buted  to  an  interface-like  mode  propagating 

parallel  to  the  layers.  Such  a  peak  my 

[4] 

become  allowed  near  resonance.  Its 

frequency  is  rather  well  described  by  a 

T21 

dielectric  constant  model, 1  but  in  these 
thin-layer  samples  it  is  also  near  pre¬ 
dictions  for  the  position  of  the  first  folded  L0  mode. 1 More  samples  need  to  be 
studied  to  see  If  the  frequency  Is  dependent  upon  total  period,  as  for  folding,  or 
only  dependent  upon  the  ratio  of  layer  thicknesses  as  our  model  predicts  for  B(L0). 
The  thitmess  of  the  superlattice  and  sample  absorption  of  the  laser  make  angle- 
dependent  studies  of  this  node  difficult.  It  appears  at  276,280,  and  283  cm  *  at 
room  temperature  In  samples  A,  B,  and  C  respectively. 

Peaks  4  and  5  were  originally  interpreted  in  sample  A  as  the  allowed  and  for- 

r  21 

bidden  scattering  from  a  single  B^LO^)  unfolded  node.  Their  splitting  is  now 
well  established.  At  300*  peek  5  occurs  at  287,  288v5,  and  290.5  am-1  in  samples 
A,  1,  and  C,  and  peak  4  is  seen  at  284.3  and  287.3  cm-1  in  samples  A  and  A,  res¬ 
pectively.  A  possible  explanation  of  peaks  2  through  5  Is  that  they  show  the  folding 


RAMAN  SHIFT  (CM"'1) 

Fig,  1  :  Spectrum  of  sample  B  at  180K. 
Upper  curve  (x,x) ,  lower  Is  (x,y) . 
(x,x)  shifted  upward  for  clarity. 
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of  Che  GaAs-like  LO  branch,  in  which  case  the  symmetry  assignments  would  be  for 

peaks  3  and  5  and  A,  for  peaks  2  and  4.  However,  a  linear  chain  model  for  a  (4,4) 

1  f  31 

super lattice  by  Barker  et.  al  suggests  that  the  highest  folded  mode  should  lie 
closer  to  peak  2  in  sample  A,  as  mentioned  above.  If  q-dependence  is  involved  as 
in  FrShllch  type  forbidden  scattering,  B^  modes  may  appear  in  the  (x,x)  spectrum. 

It  is  not  clear  why  no  forbidden  scattering  is  seen  at  resonance  for  peak  5  in  (x,x) 
or  why  it  might  be  shifted  to  the  position  of  peak  4. 

The  resonance  behavior  of  these  peaks  is  demonstrated  in  Fig.  2.  The  spectra 
were  taken  on  sample  B  with  1.833  eV  laser  light  by  changing  the  gap  with  temperature 


w#(atV| 


:  Resonance  behavior  of  peaks  in 
Fig.  1.  u,  la  energy  of  the  photolumin- 
esence  peAk.  Corrected  for  thermal 
factor  but  not  absorption. 


between  100K  and  300K.  The  photolumin- 
esence  peak  was  measured  by  exciting  well 
above  the  gap.  The  energy  of  the  room 
temperature  peak  is  1.805  eV.  The  curve 
labeled  A  Is  the  folded  acoustic 
mode  at  50  cm-*'.  Both  peaks  1  and  3 
show  little  change  with  laser  energy. 
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SELF-ENERGY  OF  PHONONS  INTERACTING  WITH  FREE  CARRIERS  IN  SILICON 

#  * 

L.  PinCschovius,  J.A.  Verges  and  M.  Cardona 

Kemforsohungazentrum  Karlsruhe,  F.R.G. 

* Uax-Planok-Inetitut  ftir  FeetkOrperforaohung,  7000  Stuttgart,  F.R.G. 

Abstract . -  The  dispersion  in  the  self  energy  of  acoustic  phonons 
produced  by  free  electrons  and  holes  in  silicon  has  been  measu¬ 
red  with  neutron  scattering.  The  corresponding  electron-phonon 
interaction  mechanisms  are  discussed. 


Introduction.  -  Doping,  either  n-  or  p-type,  is  known  to  change  the  fre¬ 
quencies  of  acoustic  phonons  in  silicon^ .  This  change  is  the  real  part 
of  the  self  energy  of  the  phonons  produced  by  the  free  carriers  via 

electron  phonon  interaction.  Similar  effects  have  been  observed  for  the 
2 

Raman  phonons  .  Recent  measurements  in  p-type  Ge  have  shown  that  those 
self  energies  can  depend  strongly  on  phonon  momentum  q.3  Since  conven¬ 
tional  ultrasonic  and  light  scattering  techniques  are  not  suitable  for 
a  detailed  study  of  this  q-dependence  we  have  untertaken  such  study  by 
means  of  inelastic  neutron  scattering.  The  acoustic  branches  of  n-(n= 
5x1019cm-3)  and  p-type  (p=1 . 7x1O20cm-3)  Si  were  measured  with  respect 
to  intrinsic  Si  throughout  the  (10O)  and  (111)  directions  of  the  Bril- 
louin  zone.  The  results  yield  Information  about  hydrostatic  and  uniaxi¬ 
al  deformation  potentials  for  electrons  and  holes  and  the  g-type  inter¬ 
valley  coupling  of  electrons. 


Results  and  discussion.  -  The  normalized  self  energy  (Aw/w)  of  the  TA 
phonons  of  n-Si  along  (111)  at  300K  is  shown  in  Fig.  1.  The  data  for 
q*o  were  obtained  by  ultrasonic  methods  and  agree  with  those  in  (1). 
The  self-energies  are  found  to  be,  using  second  order  perturbation 
theory: 


Ah) 

h) 


xe(q)q2 

C11-C12+C44 


(1) 


where  t2=>  8.7eV(4)  is  the  shear  deformation  potential  of  the  electron 
valleys,  are  the  stiffness  constants  and  xe<q)  the  Lindhard  suscep¬ 
tibility  of  a  single  electron  valley  (e*eIj+24*xe)  at  T-300K  (obtained 
numerically).  The  solid  curve,  calculated  with  Eq.  (1),  decays  faster 
than  the  experiments  with  increasing  q.  We  believe  it  is  additionally 
broadened  by  the  finite  mean  free  path  i  **62  £  (Aq«2ir/i«0.09 (2w/a) )  • 

The  results  for  LA  phonons  along  (100)  in  n-Si  are  in  Fig.  2. 
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They  show  definite  structure  for  getO. 3  (2  ir/a)  •  The  solid  curve  in  Fig. 2 
was  obtained  with: 

^  =  -  -3 — j  U£r  §£2(1+24,TX|>)  2  Xi|(<3>  (3) 

C11E 

+  2  (£1+  (i^xn) 2  Xj_(q)}  +<^)g 

where  (Aio/w)^  is  the  effect  of  g-coupling  between  (100)  and  MOO)  val¬ 
leys,  resonant  for  q  =  0.28(2  /a),  with  coupling  constant  0.8  eV/8(5), 

X  ||  and  are  Lindhard  susceptibilities  parallel  and  perpendicular  to 
the  valley  axis,  and^1  is  the  "absolute"  hydrostatic  deformation  po¬ 
tential  of  the  electrons  at  (we  take  =  -  7eV(6)).  The  structure  at 
q  =  0.3(2ir/a)  is  mostly  produced  by  ^  with  a  small  contribution  of 
(Aw/oo)g.  The  C1  effect  is  completely  screened  by  the  free  carriers  for 
q=o  but  becomes  unscreened  for  finite  q  thus  giving  the  bump  observed 
at  q-  0.  3  (2ir/a)  . 

Fig.  3  discusses  TA-phonons  along  (100)  in  n-Si.  The  effect  at 
q=o  is  due  to  coupling  of  the  A 1  with  the  A2,  states  along  (OIO)  and 
(OOI )  (deformation  potential  £*  (7) )  .  The  calculated  curve  explains 
the  q=o  effect  but  fails  to  account  for  the  observations  for  qj*o. 

Figure  4  describes  TA(111)  phonons  in  p-Si.  The  effect  is  main¬ 
ly  produced  by  heavy  holes  along  { 1 1 o}  directions.  The  solid  curve  was 
calculated  in  this  manner  with  the  deformation  potentials  b=-2.2eV  and 
d=-4.9eV  (4).  For  q=o  it  agrees  with  Ref.  8  about  it  falls  short  of 
the  measured  values  for  qyk>.  The  additional  mean  free  path  q-broade- 
ning  Aq=2x/i =  0.09 (2w/a)  suffices  to  explain  the  difference. 

Figure  5  shows  Au/u  for  LA (100)  phonons  in  p-Si.  In  this  case  the 
screened  effect  of  the  hydrostatic  deformation  potential  av=e1-a=-8.5eV 
(a=  hydrostatic  deformation  potential  of  indirect  gap)  produces  the 
maximum  at  q«0.2 (2n/a) .  The  calculated  curve  describes  qualitatively 
this  observed  effect. 
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NEUTRON/  X-RAY  AND  LATTICE  DYNAMICAL  STUDIES  OF  Sb2  S3 
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Abstract . -  'Elastic'  neutron  and  x-ray  diffraction 
patterns  from  crystals  of  SbjSj  (mineral  stlbnlte) 
show  that  the  crystals,  while  ordered  along  <010> 
(the  chain  axis),  are  disordered  about  {01($  . 
Extensive  diffuse  Intensity  perpendicular  to  <01Q> 
direction  is  observed.  Inelastic  scattering  studies 
using  1.4JC  neutrons  did  not  lead  to  any  soft  TA 
modes  with  In  the  (OkO)  plane  and  polarised  along 
<010^.  A  few  longitudinal  phonona  along  <010^  are 
seen.  Results  from  lattice  dynamical  calculations 
based  on  a  rigid  ion  model  (with  covalent  bonding 
included)  are  discussed  in  the  context  of  these 
observations. 


1.  Structure. -  Sb2  Sjis  an  interesting  photo-conductive  ferro¬ 
electric  semiconductor  which  crystallises, at  room  temperature  in 
orthorhombic  form  with  spacegroup  d££  containing  four  molecule 
per  unit  cell. The  crystallographic  structure  shown  in  Flg.l  con¬ 
sists  of  ribbons  or  chains  of  (Sb.Sx)  in  the  b-dlrection. 

(a  -  11.3107  A,b  -  3.8363  X,c  -11?22*5  A). 


Flg.l  Crystal  structure  of 
!b2®3  * 


2.  Experimental  -  We  studied  a 
large  natural  crystal  of  mineral 
stlbnlte  at  room  temperature 
(paraelect ric)  by  neutron  and  x- 
ray  scattering  techniques  to 
understand  the  dynamical  proper¬ 
ties  of  the  system.  Fig. 2  is  datn 
from  'elastic'  neutron  diffrac¬ 
tion  experiments  In  the  (hoi)/ 
(Okl)  plane  (we  were  unable  to 
distinguish  between  the  a  and  c 
axes  due  to  the  extensive  dis¬ 
order  in  the  plana).  This  figure 
la  reminiscent  of  features  obser¬ 
ves  lb  case  of  ceB-FO'^  by  others. 
The  diffraction  pattern  around 
(040)  given  in  Fig. 3  clearly 
shows  that  the  diffraction  inten¬ 
sity  appears  elongated  perpendi¬ 


cular  tc  the  b-axls.  Such  intensity  patterns  are  expected  of 
quasl-one-dlaensional  lattices. 
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Fig. 2  'Klaetlc'neutron  diffraction  Fig. 3  Detail*  of  the 
pattern*  from  SbjSj  in  the  (hoi)/  diffraction  intensity 

(Okl)  plana.  around  (040). 

Fig. 4  shows  the  rotation  and  Weissenberg  x-ray  patterns  from 
fibres  from  the  same  specimen  corroborating  neutron  results 
namely,  that  one  obaerves  disorder  about  <010}  axis  showing 
extended  diffuse  streaks;  additional  diffuse  lines  are  also 
observed. 


Fig. 4  Rotation  x-ray  photograph  Fig. 5  Weissenberg  photograph 
of  SbgSj.  Rotation  about  b-axis  of  i«ro  layer  of  b-axis. 

Inelastic  neutron  scattering  experiments  permitted  us  to 
measure  only  a  longitude  branch  along  <010}  direction.  Experi¬ 
ments  to  look  for  TA  modes  along  <100}  /  <001}  direction  with 
polarisation  along  <010}  were  unsuccessful  dun^io  presence  of 
extensive  diffuse  scattering  and  poor  resolution  Of  the  experi¬ 
mental  set-up.  Fig.d  shows  the  neutron  groups  atsocleted  with  the 
longitudinal  (010)  nodes. 
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3.  Lattice  Dynamical  Results  -  We  have  carried  out  lattice  dyna- 
alcal  calculations  based  on  a  rigid  Ion  nodel  with  charges  and 
radii  of  Iona  as  parameters  of  the  model.  Covalent  bonding  bet¬ 
ween  Sb-S  pairs  (Halted  to  a  dist¬ 
ance  of  2.6A)  are  included.  Results 
&  of  calculations  along  three  high 


syaaetry  directions  are  given  in  Fig. 7. 
The  parameters  of  the  model  were 
chosen  so  as  to  provide  reasonable 
cohesive  energy  and  lattice  frequen¬ 
cies  which  cover  the  Infrared  and 
Ranan  spectral  ranges. We  observe  that 
there  la  an  extremely  soft  TA-TO 
branch  In  the  <100)  direction;  a 
similar  branch  may  also  be  noted 
along  <001)  direction.  These  branches 


could  give  rise  to  diffuse  scattering 
in  neutron  and  x-ray  diffraction 
patterns.  Since  these  modds  are  of 
Fig. 6  Longitudinal  lat-  very  low  frequency  (<0.5  THx),  It  Is 
tlce  modes  as  observed  difficult  to  observe  these  phonons 

by  inelastic  neutron  because  of  poor  resolution.  The  dls- 


scatterlng  experiments.  placement  of  atoms  at  q  •  0  for  TO 

mode  represents  out-of-phase  motions 
of  the  two  chains  (each  of  Sb^Sgconf lguratlon)  In  the  unit  cell 
against  each  other.  Mote  this  can  represent  Interlayer  nodes  If 
Che  crystal  is  thought  of  as  layer-llke  system. 


PHONON  OISPERSION  CURVES  IN  Sb,S, 


PHONON  WMEVECTOR 


Fig.  7  Calculated  phonon  dispersion  relation  In  SbjS^. 

Details  of  the  experimental  observations,  dynamical  Interpre¬ 
tation  of  calculated  results,  comparison  with  data  In  SbSI  etc. 
ere  to  published  elsewhere. 
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VIBRATIONAL  PROPERTIES  OF  VACANCIES  IN  HOMOPOLAR  SEMICONDUCTORS 
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Max-Planck-Institut  ftir  FestktSrperforeahung,  Heiseribergstrasse  1,  7000 
Stuttgart  80,  F.R.G. 


Abstract.  Spectral  densities  of  phonons  in  the  immediate  vicinity  of  a  vacan- 
cy  In  Si  and  Ge  are  calculated  in  the  continued  fraction/recursion  method. 

The  results  indicate  that  both  in  Si  and  Ge  the  presence  of  vacancy  gives 
rise  to  a  sharp  decrease  In  the  DOS  in  the  optical  frequency  range  and  a 
rather  diffuse  increase  in  the  acoustic  frequency  range. 

1.  Introduction.  -  At  moderately  high  concentrations  of  hydrogen  in  amorphous  Si, 
four  hydrogen  atoms  tend  to  cluster  as  they  saturate  qroups  of  four  dangling  bonds 

i  I? 

pointing  towards  a  counterpart  of  the  crystalline  vacancy.  Infrared  absorption  ’ 

3 

and  Raman  scattering  experiments  on  amorphous  and  crystalline  Si  nr  Ge  with  H,  0, 
or  F  as  impurities  show'that  the  frequency  of  the  resonant  vibration  in  the  acoustic 
range  depends  only  very  slightly  on  impurity  species.  This  sungests  that  such  vibra¬ 
tional  modes  involve  a  large  mnber  of  atoms  of  the  host  and  leads  one  to  suspect 
that  the  vacancy  in  whose  vicinity  the  clustering  occurs  may  itself  give  rise  to 
resonant  modes  in  the  frequency  range  where  they  have  been  observed. 

As  a  step  in  the  direction  of  elucidating  the  nature  of  the  resonant  modes  we 
have  studied  vibrational  properties  of  crystalline  Si  and  Ge  containing  an  isolated 

vacancy.  Use  has  been  nade  of  the  real  space  version  of  the  continued  fraction/re- 

a 

cursion  method  ,  which  does  not  require  a  periodic  arrangement  of  atoms.  The  method 
has  been  applied  successfully  to  several  types  of  lattice  dynamical  defect  problems 
involving  a  lowering  of  symmetry5,  although  not  to  point  defects  as  far  as  we  are 

aware. 

The  local  density  of  vibrational  nodes  of  polarization  a  at  site  t 

and  frequency  m  Is  directly  related  to  the  diagonal  element  of  the  Green's  function 
of  the  dynamical  matrix  0ag(t,t‘ )®.  In  the  recursion  method*  the  latter  Is  expressed 
in  a  continued  fraction 


where  the  coefficients  (aQt  a^,...)  and  (b0>  b^,...)  can  be  ottained  as  functions 
of  t  and  a  algebraically  once  0ag(£,t’)  of  the  system  is  given. 


2.  Perfect  Crystal .  -  To  examine  the  applicability  of  the  recursion  method  we  first 
calculate  the  phonon  spectrum  of  Si  crystal  without  vacancy.  On  the  one  hand  the 
phonon  spectrum  is  obtained  in  the  recursion  method  by  considering  a  finite  crystal 
containing  up  to  18  000  atoms,  at  the  surface  of  which  all  bonds  are  terminated.  The 
dynamical  matrix  is  such  that  includes  only  the  first  and  second  neighbor  forces. ^ 
This  requires  six  independent  force  constants,  of  which  five  have  been  chosen  to 
give  a  best  least-squares  fit  to  the  experimental  phonon  frequencies  at  r,  X,  and  L 

O 

points.  The  last  one,  the  second  neighbor  force  constant  6,  which  affects  none  of 
the  above  phonons,  has  been  either  fixed  on  the  basis  of  the  valence  force  field 
model  (6  =  (u-v-X)/2)  or  equated  to  zero.  The  first  21  coefficients  (ao>  ...  agg) 
and  (b0>  ...  bgg)  in  Eq.  (1)  were  directly  calculated  and  the  remaining  part  of  the 
continued  fraction  was  replaced  by  an  asymptotic  form 

T  =  {u>2-aw-  t(<o2-aJ2  -  4b2]1/2l/(2b2)  (2) 


DOS  FOR  PHONONS  IN  SI 

'a.5.6206xK>4dyrvcm 
.  0=3.7417 
X=-0.7221 
■pi  =0  3821 
V.Q4695 
•6.Q3174 


where  aw  and  b^  are  chosen  either  from  an  extrapolation  of  the  calculated  coeffi¬ 
cients  or  from  the  requirement  that  the  obtained  phonon  spectrum  extends  from  zero 
to  the  experimental  highest  frequency  (namely  that  of  the  optical  phonons  at  r).  The 
phonon  LEOS  Paa(*,*;o>)  calculated  from  Eq.  (1)  is  independent  of  a  and  t,  (provided 
*■  is  close  to  the  center  of  cluster)  and  is  represented  by  the  upper  curve  in  Fig.  1. 

On  the  other  hand  the  phonon  spectrum 
is  calculated  for  an  infinite  lattice  us¬ 
ing  the  same  farce  constants  in  the  usual 
k-space  sampling  method.  With  about 
80  000  sample  points  in  1/48  of  the  Bril- 
louin  zone  we  obtain  a  phonon  DOS  which  is 
shown  by  the  lower  curve  in  Fig.  1. 

With  only  up  to  second  neighbor  for¬ 
ces  neither  of  the  DOS  reproduces  the 
sharp  peak  in  the  acoustic  region  which 
would  be  present  if  the  substantial  flat¬ 
tening  of  acoustic  phonons  In  the  vicinity 
of  BZ  edge  were  properly  taken  into  ac¬ 
count.10  Except  for  this,  both  of  the 
curves  reproduce  the  general  feetures  of 
the  known  phonon  spectrum  fairly  well.  The 
two  curves  are  very  ^IsPUer,  the  only  «1f- 


■  RECURSION  METHOD 
NCYC.21 


K-SPACE  SAMPLING 
83300  POINTS  IN  'As  BZ 


5  K>  . 

FREQUENCY  ITHz) 

Fig,  l.  lattice  vibration  spectrum  of 
using  first  and  second  neighbor 
force* In  the  recursion  and  in  the 
k-space  sampling  method.  The  force 
constants  are  those  defined  by  Her¬ 
man. 


fere  nee  being  that  the  recursion  method  generally  smoothes  sharply  edged  van  Hove 
singularities  characteristic1  of  infinite  crysteis.11 
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3.  Vacancy.  -  To  model  a  vacancy  in  the  slnplest  way  we  remove  the  central  Si  atom 
at  t=o  and  equate  to  zero  all  forces  connected  to  this  atom.  In  contrast  to  the 
preceding  case,  the  LDOS  does  depend  on  the  lattice  site  t  and  we  evaluate  it  at 
one  of  the  four  nearest  neighbors  of  the  vacancy.  The  recursion  calculation  pro¬ 
ceeds  in  a  similar  way  as  before  using  the  same  set  of  force  constants,  except 
that  we  equate  6=o,  which  is  required  if  the  translational  Invariance  condition6  is 
to  be  satisfied  witho-t  introducing  new  force  constants.  No  relaxation  of  atomic 
position  is  assumed.  The  spectral  density  for  the  perfect  crystal  (6“0)»  that  of  the 
vacancy  and  their  difference  are  shown  in  Fig.  2. 


5  10 

FREQUENCY  (TMl) 


Fig.  2.  Vibration  spectrum  of  the 
single  vacancy  in  Si  calculated  in 
the  recursion  method . 


4.  Discussion.  -  In  Fig.  2  we  see  a  diffuse  in¬ 
crease  of  DOS  in  the  lower  acoustic  frequency 
region  and  a  decrease  in  the  optical  region. 
This  is  expected  if  we  consider  the  presence 
of  a  wcancy  as  a  partial  softening  of  the 
force  acting  on  its  neighbors.  The  introductior 
of  H  or  F,  on  the  other  hand,  corresponds  to  a 
hardeni ng  (decreased  ionic  mass)  and  gives  rise 
to  a  rather  sharp  resonant  mode  at  the  upper 
edge  of  the  acoustic  spectrum,  as  has  been  ob¬ 
served.  A  further  discussion  on  the  change  of 
DOS  for  various  point  defects  can  be  made  on 
the  basis  of  the  function  (1)  for  the  perfect 
crystal.  Essentially  similar  results  are  ob¬ 
tained  for  a  vacancy  In  Ge. 
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SECOND  ORDER  RAMAN  SCATTERING  IN  CRYSTALLINE  SULPHUR  SELENIUM  AND 
TELLURIUM 


*  M 

P.J.  Carroll  and  J.S.  Lannln 

Department  of  Physios,  The  Pennsylvania  State  University,  University  Park, 
Pennsylvania  18802,  U.S.A. 

Abstract.-  The  second  order  Raaan  spec tr us  of  orthorhonbic(o-)  S  is  reported 
and  compared  with  tbs  spectra  of  aonoclinic(a-)  Se.  The  spectra  of  these 
ring  systems  exhibit  very  similar  structure.  Three  regions  of  scattering 
are  observed,  two  of  which  suggest  a  predominance  of  overtone  scattering. 

The  features  of  the  other  region  arise  from  combination  processes.  A  com¬ 
parison  bs tween  the  high  frequency  bands  of  trigonal (t-)  A,  t-Se ,  m-Se  and 
o-S  is  also  presented.  Differences  in  these  spectra  are  qualitatively 
explained  in  terns  of  ths  molecular  unit  of  the  crystal  (ring  or  chain)  and 
changes  in  inter-unit  and  intra-unit  coupling. 


The  crystalline  forms  of  8  and  monoclinic(m-)  Se  are  composed  of  the  same 
basic  molecular  unit,  an  8  maahared-pucfcered  ring.  Trigonal! t-)  Se  and  t-TU  are 
also  composed  of  similar  units,  parallel  helical  chains,  which  are  bonded  together 
in  a  hexagonal  lattice.  Large  inter-unit  to  intra-unit  distance  ratios  in  these 
solids  imply  that  the  dominant  bonding  is  within  ths  unit.  However,  interchain 
bonding  is  more  significant  than  the  van  der  Naals  coupling  exhibited  between 
rings  and  is  stronger  in  t-TU  than  in  t-Se. 

The  role  of  this  inter-unit  bonding  as  well  as  the  influence  of  the  molecular 
unit  in  the  group  VI  elements  of  8,  8e  and  TU  are  studied  here  through  second 
order  Raaan  scattering.  The  second  order  Raman  spectra  of  crystals  provides 
valuable  information  about  the  one  phonon  density  of  states  under  the  conditions 
of  prsdominant  overt?,.*,  Scattering  and  matrix  elaaant  effects  which  are  a  smooth 
function  of  frequency.  This  is  observed  to  be  the  case  in  previous  studies  of 
group  IV  and  V  elements.*'  A  dominance  of  overtone  scattering  is  also  suggested 
in  the  second  order  Raaan  spectra  of  t-Te  and  t-8e  which  have  been  presented  in 
earlier  papers.  In  these  spectra  the  positions  of  most  of  the  features  are 
in  good  agreement  with  twice  the  frequency  of  features  in  ths  phonon  density  of 
states  as  obtained  from  theory  and  neutron  scattering. 

The  saoond  order  Raaan  spectrum  of  orthorhombic (o- )  8  is  displayed  in  Figure 
1  with,  for  the  purpoae  of  comparison,  the  spectral  of  m-Se,  which  has  been 
studied  in  detail  previously.3  Ths  spectra  are  sealed  so  that  the  high  frequency 
regions  are  aligned.  9m  dashed  lines  indicate  the  tails  of  the  very  intense 
first  order  peaks.  9m  arrows  in  the  o-8  spectres  indicate  twioe  9m  frequency 
of  the  k  ■  0  nodes  at  room  temperature*  and  are  labeled  with  the  vibrational 

_ _ it,  ' 

*  Present  address  :  Bell  Laboratories,  Murray  Hill,  KJ  07974 
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node  assignment*  of  an  isolated  S 

8  5 

molecule  as  calculated  by  Scott  et  al. 

Three  regions  of  the  second  order 
scattering  can  be  observed  in  figure  1 
containing  similar  structure  in  both 
spectra.  The  region  which  extends 
free  2S5  cat-1  to  420  cm-1  in  the  o-S 
spectrum  contains  features  which  are 
near  twice  the  frequency  of  B^  and  Ex 
first  order  nodes.  This  suggests  that 
overtone  scattering  occurs  here  fro* 
phonon  branches  corresponding  to  these 
lower  optic  nodes.  A  second  region, 
between  500  cm-1  and  760  cm-1,  exhibits 
features  which  can  only  be  interpreted 
as  originating  fron  combination  pro¬ 
cesses  between  high  and  low  frequency 
optic  nodes.  Notice  that  the  n-Se 
spec  trial  has  very  similar  structure  here 
which  is  not  as  well  resolved.  A  high 
frequency  band  consisting  of  second 
order  scattering  fron  the  higher  optic  nodes  is  the  third  region.  The  main  fea¬ 
tures  at  822  cm-1,  876  cs"1  and  937  cm-1  are  centered  very  near  to  twice  the 
frequency  of  k  -  0  nodes  suggesting  that  these  three  peaks  are  due  to  overtone 
scattering.  This  band  nay  consequently  be  a  good  indication  of  the  density  of 
states  for  the  higher  optic  nodes.  The  narrowness  of  these  peaks  indicates  that 
relatively  little  dispersion  occurs  in  these  phonon  branches.  The  similarity  of 
the  high  frequency  bands  of  n-Se  and  o-S  also  suggests  a  revised  mode  assignment 
for  the  first  order  peaks  in  n-Ss  and  is  discussed  elsewhere.6 

A  coepsrison  of  the  second  order  Raman  spectra  of  the  high  frequency  bands 
of  t-ie,  t-Se ,  n-Se,  and  o-8  is  shown  in  Figure  2.  A  scaling  factor  of  1.64  is 
used  to  align  the  257  cm-*  peak  of  the  t-TU  spectrva  to  the  441  cm-1  peak  of  the 
t-Se  spectrum  and  a  factor  of  1.77  was  used  to  scale  the  nost  intense  peaks  of  o- 
8  and  n  8s.  These  empirical  factors  are  greater  than  the  square  root  of  the  ness 
ratios  of  the  respective  elements  h  indicates  a  trend  of  weaker  intra-unit 

in  t-TU  than  in  t-Se  and  in  n-Se  than  in  o-S.  In  addition,  the  shift  to 
lower  frequencies  of  tbs  t-Se  band  with  respect  to  the  n-Se  band  is  attributed  to 
weaker  beading  within  a  t-Be  chain  than  within  a  n-Se  ring.  This  demonstrates 
thet  intra-unit  covalent  heading  increases  as  in ter -unit  bonding  decreases  in 

these  group  VI  elements. 

V  8 

Delta  et  al.  and  Meek  have  suggested  that  a  two  peaked  structure  in  the 
phonon  density  of  states  is  characteristic  of  isolated  chains.  Figure  2  shows  that 


Figure  1.  The  second  order  Raaan 
spectra  of  o-S  and  a-Sa. 
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Figure  2.  Dm  high  frequency 
second  order  Raman  bands  of  t-Ts, 
t-Sa,  n-Sa  and  o-8. 


this  nay  also  be  true  of  a  ayaten  of  isolated 
rings  and  therefore  of  two-fold  coordination 
in  general.  The  fact  that  the  t-Te  spectrum 
does  not  have  a  double  peaked  structure  demon¬ 
strates  that  t-Te  should  not  be  slewed  as  a 
systen  of  isolated  chains  with  respect  to  its 
vibrational  properties,  as  interchain  inter¬ 
actions  are  important*  Although  very  similar, 
the  features  in  the  o-S  spectrum  are  spread 
out  more  than  in  n-Se  so  that  a  high  fre¬ 
quency  feature  that  appears  as  a  shoulder 
in  a-Se  is  a  peak  in  o-S.  Additional  fea¬ 
tures  are  also  observed  in  the  density 
of  valence  electron  states  of  o-S' compared 

to  n-Se  as  obtained  by  x-ray  photoenission 
9 

spectra.  Thus  boph  the  electronic  and  vibra¬ 
tional  densities  of  states  indicate  greater 
aolacular  character  in  o-S  as  is  expected 
structurally. 

In  general,  it  is  observed  that  signi¬ 
ficant  changes  occur  in  the  phonon  density  of 
states  as  obtained  from  second  order  Reams 
scattering  as  a  function  of  atomic  weight  in 
the  group  VX  elements  These  changes  can  be 
qualitatively  explained  in  terms  of  the  molec¬ 
ular  unit  end  the  relative  strength  of  intar- 
unit  and  intra-unit  forces. 
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ULTRASONIC  PHONON  VELOCITIES  IN  Cdj.^jJe  BETWEEN  1.5  AND  96  K  : 
ANOMALIES  NEAR  THE  MAGNETIC  TRANSITION 


A.Y.  Wu  and  R.J.  Sladek 

Department  of  Physios,  Purdue  University,  Vest  Lafayette,  IN  47907,  U.S.A. 


Abstract.-  Transit  tines  of  30  NHz  ultrasonic  waves  have  been  measured  from 
1.5  K  to  96  K  for  Cd^xMnxTe  samples  with  0.05  s  x  s  0.65.  Below  60  K  the 
velocities  for  higher  concentrations  exhibit  anomalous  features  which  depend 
on  x  and  are  stronger  for  shear  modes  than  for  longitudinal  modes.  The  shear 
mode  anomalies  are  flattening  of  the  temperature  dependence  for  x  »  0.20  and 
0.35  at  low  temperatures  and  a  wide  mlnlmim  centered  around  22  K  for  samples 
with  x  2  0.55.  The  location  of  each  minimum  Indicates  that  It  Is  connected 
with  a  transition  to  the  spin  glass  or  anti  ferromagnetic  state.  The  depth  of 
the  mlnlmun  Is  much .greater  than  the  elastic  constant  depression  observed  In 
transition  metal  alloy  spin  glasses  (TMASG).  This  may  be  due  to  electrons 
(or  holes)  In  large  orbits  around  shall ow-1evel  Impurities  affecting  the  Mn 
magnetic  moments. 


Ultrasonic  velocity  measurements  have  proved  useful  for  Investigating  mag¬ 
netic  phase  transitions  Including  those  to  the  anti ferromagnetic  state  In  various 
Insulating  compounds1  and  to  the  spin  glass  state  In  transition  metal  alloys.2 

In  this  paper  we  present  the  first  ultrasonic  velocity  measurements  on 
Cd1-j^nxT>>  *  so-called  semlmagnetic-seml conductor  which  Is  paramagnetic  at  all  tem¬ 
peratures  for  x  <  0.17,  becomes  a  spin  glass  below  Tsg  when  0.17  <  x  <  0.62  and  Is 
anti ferromagnetic  at  low  temperatures  when  0.62  <  x  <  0.71. 3  Our  results  should 
contribute  to  understanding  phase  transitions  in  spin-glass  insulators  which  are  due 
presumably  to  the  frustration  of  anti  ferromagnetic  alignment  of  Ionic  spins.3"5 

Me  have  measured  the  transit  times  of  30  MHz  longitudinal  and  shear  ultra¬ 
sonic  waves  propagating  normal  to  the  (110)  cleavage  plane  In  Cd}-xNnxTe  samples 
with  x  -  0.05,  0.20,  0.35,  0.55,  0.57,  and  0.65.  Laue  x-ray  photographs,  and  visual 
microscopic  examination  after  etching  at  room  temperature,  reveal  many  small  twins 
with  (111)  bounding  planes  In  saaples  with  x  *  0.20  and  0.35  and  many  small  trills 
or  hexagonal logs  with  cubic  (111)  bounding  planes  (or  hexagonal  (0001)  bounding 
planes  because  we  have  seen  an  apparent  hexagonal  structure  with  c/a  ratio  of  /&)  In 
samples  with  x  *  0.55  and  0.65.  However,  we  believe  that  these  structural  Imperfec¬ 
tions  are  not  the  cause  of  the  elastic  moduli  anomalies  reported  herein  since 
elastic  anomalies  were  also  found  In  the  x  -  0.05  arid  0.57  single  crystal  samples 
and  In  the  x  -  0.20  sample  whose  faster  sheer  wave  modulus  has  a  value  very  close  to 
those  of  the  fast  shear  wave  modulus  In  the  single  crystal  samples. 
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Fig.  1.  Cn/C i , (95.5  K)  vs  T  for  single 
crystal  samples.  Values  for  Cu(95.5  K) 
are  5.56,  and  5.15  x  10u  dyn/cm2  for 
x  *  0.05  and  0.57,  respectively. 
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Fig.  2.  Css/Css(95.5  K)  vs  T  for  the 
slower  shear  waves.  Values  for 
Css(95.5  K)  are  9.03,  8.29,  9.40,  11.03, 
7.94,  and  10.71  x  1010  dyn/cm2  for 
x  =  0.05,  0.20,  0.3 5,  0.55,  0.57,  and 
0.65,  respectively. 


The  elastic  stiffness  moduli  of  longitudinal  and  two  shear  waves  were  deduced 
from  transit  time  data  using  the  thermal  expansivity  of  CdTe  to  correct  for  sample 
density  and  length  changes.  For  single  crystals,  C]ong  3  (Cn  +  Cj2  +  2C44)/2, 

Cfs  “  C44  and  C$s  *  (Cu  -  Cj2 )/2,  where  fs  means  fast  shear  and  ss  slow  shear. 

From  Fig.  1  It  can  be  seen  that  the  normalized  Cn  longitudinal  wave  modulus 
obtained  for  single  crystal  samples  has  a  depression  at  lowest  temperatures  for 
x  *  0.05  and  between  20  K  and  50  K  for  x  *  0.57,  Indicating  the  presence  of  some 
volumetric  magneto-elastic  coupling. 

The  stiffness  moduli  of  both  the  slower  and  faster  traveling  shear  waves,  Css 
and  CfS,  respectively,  have  generally  similar  temperature  dependences  so  we  show  only 
C$$  data  In  Fig.  2.  The  shear  moduli  exhibit  anomalies  which  Include  flattening  of 
the  temperature  dependence  for  x  *  0.20  and  0.35  and  a  wide  minimum  centered  around 
about  22  K  for  x  2  0.55.  Each  minimum  Includes  the  region  where  the  magnetic  suscep¬ 
tibility3,6  Indicates  a  magnetic  transition.  Our  minima  are  much  deeper  than  the 
elastic  constant  depression  observed  In  transition  metal  alloy  spin  glasses  (TMAS6). 
This  may  be  due  to  electrons  (or  holes)  localized  In  large  orbits  around  shallow- 
level  Impurities  affecting  the  alignment  of  Mr  spins7  combined  In  the  x  *  0.55  and 
0.57  samples  with  frustration  of  the  anti  ferromagnetic  Interaction  by  the  lattice  In 
semiconducting  Cdi_xMnxTe,  whereas  a  free  electron  RKKY  Interaction  occurs  In  TNASG. 
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For  the  x  =  0.55  sample  we  also  measured  the  shear  wave  moduli  CfS  and  css 
as  a  function  of  temperature  In  the  presence  of  780  G.  A  minimum  was  observed  sim¬ 
ilar  to  that  which  occurred  in  zero  applied  field.  This  implies  that  it  is  not 
related  to  the  "zero"  field-cooled  ac  susceptibility,3  xac«  but  father  to  the  x*1 
anomaly  observed  at  8.5  kG.6 

The  gradual  change  in  elastic  anomalies  with  increasing  Mn  concentration 
seems  to  Indicate  that  the  transition  from  spin  glass  to  anti  ferromagnetic  phase  is 
a  smooth  function  of  x.  On  the  other  hand,  since  we  find  no  indication  of  a  sharp, 
inverted  x-type  elastic  anomaly  even  in  our  x  =  0.65  sample,  which  presumably  has  an 
anti  ferromagnetic  transition,  the  broad  minimum  we  observe  may  indicate  that  our 
samples  contain  both  spin-glass  and  anti  ferromagnetic  regions  Instead  of  consisting 
of  a  single  homogeneous  phase. 
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AB  INITIO  FORCE  CONSTANTS  OF  GERMANIUM 

K.  Kune  and  R.M.  Martin 

CURS  and  University  P.  et  M.  Curie,  Tour  13-22,  4  pi.  Jussieu,  75230  Paris 
aedex  OS,  France 

Xerox  Research  Center,  3333  Coyote  Hill  Road,  Palo  Alto ,  California  94304, 
U.S.A. 


Abstract  -  Using  the  local  density-functional  formalism,  phonon  frequencies  can  be 
predicted  ab  initio  by  comparing  the  energy  of  the  equilibrium  configuration  with 
the  one  having  the  atoms  displaced  in  a  pattern  corresponding  to  a  "frozen" 
phouon.  Here  we  show  that  by  using  less  symmetric  displacement  patterns  and  by 
applying  the  Hellman-Feynraan  theorem  to  the  self-consistent  electronic  charge 
densities,  one  can  obtain  all  force  constants  determining  the  entire  branches  of 
phonon  spectra  corresponding  to  a  selected  direction  of  propagation.  Our  method  is 
illustrated  on  the  example  of  T-X  branches  of  phonon  spectra  in  Ge. 

The  local  density-functional  formalism  [1]  which  was  recently  applied  to  ab  initio 
evaluation  of  phonon  frequencies  in  Si  [2]  and  GaAs  [3]  showed  an  astounding  accuracy  in 
predicting  total  energies  of  semiconductors:  Not  only  the  phonon  energies  (given  in  the  "frozen 
phonon"  approach  as  a  difference  between  the  energies  of  two  configurations  of  atoms)  but  also 
Gruneisen  parameters  were  accurately  determined.  The  (unknown)  eigenvectors  of  the  TO(X) 
and  TA(X)  modes  in  GaAs  were  established  and  their  comparison  with  (extremely  varied) 
predictions  of  different  phenomenological  models  matte  it  possible  to  judge  the  physical  realism 
of  the  latter.  The  method  also  proved  to  be  useful  to  determination  of  effective  charges  [3],  for 
studying  anharmonicity,  and  for  predicting  [3]  a  phase  transition  of  GaAs  to  orthorhombic 
structure,  not  yet  known  experimentally.  In  this  paper  we  show  that  it  is  possible  to  go  still 
further  by  applying  the  Heltaian-Feynman  theorem  to  the  same  functional  of  die  electronic 
density,  by  proceeding. in  terms  of  forces  on  all  the  ions  we  can  obtain  much  more  complete 
picture  of  interactions  in  solid  than  from  the  eqqpes  alone  -  providing  that  we  study  less 
symmetric  displacement  patterns  than  those  of  isolated  phonon  eigenmodes. 

Let  us  consider  phonon  propagating  in  Ge  along  the  [100]  direction;  then  at  any 
k  =  (k,0,0)  the  (100)  atomic  planes  vibrate  as  rigid  units  with  respect  to  each  other  and 
oscillations  of  the  set  of  (100)  planes  can  be  assimilated  to  vibrations  of  linear  chain.  The 
interplanar  force  constants  needed  to  writing  down  the  dynamical  matrix  of  such  a  chain  can  be 
obtained  in  geometry  shown  in  Fig.  1;  The  elementary  unit  cell  of  Ge  was  quadrupled  along  the 
(100]  direction  and  one  of  the  atoms  was  displaced  from  the  equilibrium  position  by  u  =  -0.01  a 
in  die  direction  [Oil].  With  this  periodic  supercell  and  using  die  Berkeley  ionic  pseudopotential 
[4]  the  self-consistent  charge  densities  were  evaluated  in  very  much  te  same  way  as  fcg.  in  Ret  5. 
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Fig.  1:  Description  of  all  phonons 
propagating  in  the  [100]  direction  requires 
self-consistent  charge  densities  determined 
cm  periodic  supercells  which  can  be 
constructed  by  repeating  the  elementary  unit 
cell  along  the  [100]  direction.  Present 
calculations  were  performed  on  this 
quadrupled  cell  containing  8  atoms  of  hxk 

(a)  Displacement  pattern  allowing  to 
establish  the  forces  determining  the 
transverse  vibrations. 

(b)  Pattern  leading  to  longitudinal  force 
constants. 


4*0  O  O  o  4C 


o  o  o  o  o 


Applying  the  Hellman-Feynman  theorem  we  obtained  the  forces  acting  on  all  the  neighboring 
planes  extending  up  to  the  fourth  neighbors.  The  2x2  dynamical  matrix  of  the  "linear  chain"  is 
easily  constructed  and  by  diagonalizing  it  for  different  wavevectors  k  we  obtain  the  transverse 
acoustic  and  optical  branches  given  in  Fig.  2  (solid  lines).  Starting  from  the  longitudinal 
configuration  of  Fig.  lb  one  obtains  a  different  set  of  force  parameters  -  which  determine  the 
longitudinal  brandies  given  in  Fig.  2,  as  welL 

Internal  consistency  of  our  calculations  can  be  judged  from  the  fact  that  the  two  sets 
of  force  parameters,  which  were  provided  by  two  independent  and  completely  different 
calculations,  give  the  LO  and  TO  branches  converging  to  the  same  LIXXD  frequency  * 
degenerate  to  within  1.1  %.  The  energy  of  this  mode  agrees  with  our  prediction  using  the 
"frozen  phonon"  approach  (i.e.  proceeding  via  the  total  energies)  to  within  0.2  %  -  which 
illustrates  the  consistency  of  both  methods. 

The  main  reason  for  an  imperfect  agreement  between  the  experiment  and  theory  is 
in  die  pseudopotential  of  Ge  which  was  shown  in  [5]  to  predict  the  equilibrium  lattice  constant 
of  Ge  by  8  %  too  short;  this  gives  a  spurious  contribution  to  all  forces.  Correcting  for  this  term 
we  obtain  a  second  set  of  dispersion  curves  plotted  in  Fig.  2  (broken  lines).  The  agreement  with 
experiment  is  still  imperfect  -  for  which  four  mechanisms  can  be  suspected  to  be  repocsible:  u, 
merely  computational  problems:  sampling  (8  special  points  were  used  in  the  transverse  and  4  in 
the  longitudinal  case),  plane  wave  expansions  t*580  waves),  self-consistency  (to  within  less  than 
2  X  1CT5  Ry  in  the  components  of  potential  with  small  G-vectots  and  less  than  0.1  %  in  other 
ones);  (2)  anharmonicity;  (3)  method  of  correcting  the  inadequacy  of  pseudopoteodal  and  (4) 
limited  range  of  force  constants  considered 
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Fig  2:  Phonon  dispersion  along  [100J 
predicted  from  forces  acting  on  8  atoms  of 
the  periodic  superceU  in  the  displacement 
patterns  of  Fig.  la,b  (solid  line).  The  LO  and 
TO  branches  -  although  provided  by  two 
different  and  completely  independent 
calculations  converge  to  the  same  frequency 
at  T  to  within  1.1  %.  This  limit  is  consistent 
with  the  energy  of  the  degenerate  LTO(r) 
mode  determined  by  the  alternative  "frozen 
phonon”  approach,  in  the  framework  of  the 
same  local  charge-density  functional  and 
using  the  same  pseudopotential.  The  ionic 
potential  used  for  determination  of  electronic 
charge-densities  predicts  the  bonds  by  8  % 
too  short  therefore  we  have  added 
approximate  corrections  for  the  contribution 
caused  by  the  inadequacy  of  the  potential 
(broken  lines).  Experimental  points  taken 
from  Ref.  7  correspond  to  80  K. 


Presently  we  can  eliminate  the  anharmonicity  because,  after  repeating  the  transverse 
calculations  with  displacement  u  =  -0.005  a,  we  obtained  the  same  force  constants  to  within  less 
than  1  %.  We  believe  (3)  and  (4)  to  be  the  principal  causes  of  the  remaining  discrepancies:  Our 
method  of  correcting  assigned  the  spurious  contribution  to  only  the  first  neighbor  interactions  - 
which  is  likely  to  be  a  simplification  of  reality,  and  which  is  merely  the  least  artificial  among  all 
possible  assumptions.  On  the  other  hand,  by  performing  calculations  on  quadrupled  unit  cell 
(rather  than  sextupled  or  octupled)  we  have  limited  the  range  of  interactions  to  4th  neighbors 
while  Herman  [6],  on  the  basis  of  the  neutron  data,  has  shown  that  inclusion  of  the  5th 
neighbors  is  essential  for  the  lattice  dynamics  of  Ge.  Calculations  on  larger  cells  to  determine 
longer  range  force  constants  are  in  progress. 
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VOLUME  AND  TEMPERATURE  DEPENDENCE  OF  THE  TRANSVERSE  CHAR6E  AND  THE 
IONICITY  OF  TETRAHEDRAL  SEMICONDUCTORS 
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Abstract. -The  transverse  charge  e*  and  thus  the  ionicity  of  most 
tetrahedral  semiconductors  (e.g.  GaAs)  decreases  with  decreasing 
volume.  We  have  measured  the  volume  dependence  of  e,?  in  3C-SiC 
and  found  din  e*/dlnV  =-0.67,  with  a  sign  opposite  to  the  usual 
one.  These  resuits  have  been  interpreted  with  pseudopotential 
calculations  of  e*  vs.  volume.  Semiempirical  bond  orbital  models, 
(e.g.  Harrison) ,  are  not  able  to  explain  this  anomalous  behavior 
of  eJL  We  also  report  the  temperature  dependence  of  e*  and. inter¬ 
pret1  it  with  pseudopotential  theory  (de£/dT=-9.0(5)x10  bK  '). 


1.  Introduction.  -  The  LO-TO  splitting  of  the  Raman  phonons  can  be  used 
to  obtain  the  corresponding  Born  transverse  effective  charges  e£.  Measu¬ 
rements  in  a  diamond  anvil  cell  yield  the  dependence  of  e*  on  volume. 
They  have  been  performed  for  several  XXI-V  and  II-VI  compounds  (1,2) and 
lead,  in  all  cases,  to  a  decrease  in  e*  with  pressure  which  corresponds 
to  a  decrease  in  ionicity.  These  results  have  been  interpreted  with  se¬ 
miempirical  bond  models  (3)  as  well  as  with  "microscopic"  pseudopoten¬ 
tial  calculations  (4) .  Here  we  extend  this  work  to  3C-S1C  (rincblende) . 
We  found  that,  contrary  to  the  other  materials  mentioned, e£  in  3C-S1C 
increases  with  increasing  pressure.  This  anomaly  can  also  be  accounted 
for  with  pseudopotential  theory.  We  also  report  the  temperature  depen¬ 
dence  of  e*  .  It  can  be  explained  with  pseudopotential  theory  by  multi¬ 
plying  the  form  factors  by  Debye-Waller  terms. 


2 .  Results .  -  Figure  1  displays  typical  spectra  of  the  TO  and  LO  pho¬ 
nons  of  3C-S1C  in  a  way  which  reveals  the  Increase  of  the  LO-TO  split¬ 
ting  with  pressure  (p) .  The  variation  of  the  frequency  of  these  phonons 
with  p  is  shown  in  Fig.  2.  The  corresponding  variation  of  lattice  con¬ 
stant  a,  calculated  with  Murnaghan's  equation  (1)  using  Bq=322  Gpa  and 
B'q=  3.43  (average  values  of  Si  and  diamond),  is  also  given  as  am  abs¬ 
cissa.  We  find  from  Fig.  2  the  GrUneisen  parameters  .56(1) 

1.55(1).  The  increase  in  the  LO-TO  splitting  can  also  be  seen  in  Fig. 2. 
The  "y"  corresponding  to  LO-TO  is  .  52  (5) .  The  charge  e^,  is 


given  by: 
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red 


,  2  2 
(“lo-“to 
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where  Mre(j  is  the  reduced  mass  of  the  unit  cell.  From  the  variation  of 
w  LQ-^YQ  with  volume  we  evaluate  with  Eq.  1  the  dependence  of  e*  on 
volume  using  the  volume  coefficient  of  the  ir  dielectric  constant 
din  e^/dln  a  =  1.8  (the  average  of  Si  and  diamond).  The  results  are  dis¬ 
played  in  Fig.  3.  A  linear  fit  yields: 


o*  = 


Aa 


=  2.697(4)  -  5.45(10)  — 


(2) 


From  Eq.  (2)  we  calculate  ye#  =-dln  e*/dln  V=0.67(2). 

The  charge  e*  can  be  related  to  the  pseudopotential  form  factors 
v (G)  of  Si  and  c  with  the  approximate  expression  (4): 


e*=  - 


vSi<3)-vc(3> 

VSM3)+VC(3) 


(3) 


We  use  form  factors  similar  to  those  of  (5)  and  interpolate  them  smooth¬ 
ly,  so  as  to  obtain  the  derivatives  of  v(G)  with  respect  to  G.  By  dif¬ 
ferentiating  Eq.  (3)  with  respect  to  a  we  obtain  the  dashed  line  of 
Fig.  3  which  represents  reasonably  well  the  experiment.  The  squares  in 
this  figure  give  the  results  of  a  full  numerical  pseudopotential  calcu¬ 
lation  (1,4).  The  circles  represent  bond  orbitals  model  calculations 
(3) :  They  strongly  deviate  from  the  experiment. 

The  reason  for  the  difference  in  the  volume  dependence  of  e*  bet¬ 
ween  3C-S1C  and  the  other  zincblende-semiconductors  is  to  be  sought  in 
the  different  origin  of  their  ionicity.  In  SiC  the  ionicity  is  related 
to  the  large  difference  in  the  radii  of  Si  and  C.  Consequently  part  of 
the  electronic  charge  of  Si  lies  in  the  Wigner-Seitz  sphere  of  C.  A 
decrease  in  the  lattice  constant  pushes  more  of  this  charge  into  the 
WS  sphere  of  C  and  thus  increases  the  ionicity  and  e^  . 

For  completeness  we  show  in  Fig.  4  the  experimental  points  obtai¬ 
ned  for  ^  at  several  temperatures  together  with  a  least  squares  fit: 
(de*/dT)p  *  -  9.0(5)x10~6K~1 .  This  coefficient  is  very  small  due  to 

a  compensation  between  the  thermal  expansion  and  the  explicit  tempera¬ 
ture  effects.  The  .latter  can  be  calculated  with  pseudopotential  theory 
using  Qttbye-Waller  factors  (6)  .  We  find: 


3e£  1.28(50)x10  (experiment) 

“  2.3  x  lO"5^1  (theory). 

We  thank  W.J.  Choyke  for  supplying  us  the  samples  of  3C-S1C. 
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Fifl.  1  LO  and  TO  Ranan  lines  of 
3C-SiC  at  several  pressures. 


-* 


Pis.  2  Dependence  of  the  LO  and  TO 
frequencies  on  pressure  and  lattice 
constant  for  3C-8iC 


Pressure  (OPa) 


3  Dependence  of  e*  on  pressure 
and  lattice  constant  aeasured  for 
30-SiC  (points).  Dashed  line:  calcula¬ 
tion  vith  Eq.  3.  Circles:  bond  orbital 
■©del.  Squares:  Pull  pseudopotential 
calculation. 


Pic,  k  Measured  temperature  dependence 
of  e*  for  3C-6iC  (points),  line:  least 
squares  fit. 
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EFFECT  OF  THE  PROPAGATION  OF  ULTRASOUNDS  ON  MAGNETOACOUSTIC  PHENOMENA 
IN  DEGENERATE  SEMICONDUCTORS* 

Chhi-Chong  Hu 

Department  of  Applied.  Mathematics,  National  Chiao  Tung  University,  Bsinohu, 
Taiwan,  300,  China 


Abstract.-  The  effect  of  ultrasounds  propagating  at  an  angle  8  relative  to 
the  direction  of  a  dc  magnetic  field  B  in  degenerate  semiconductors  such  as 
n-type  InSb  has  been  studied  by  using  a  quantum  treatment  which  is  valid  at 
high  frequencies  and  in  strong  magnetic  fields.  The  Interaction  of  conduc¬ 
tion  electrons  with  ultrasounds  is  via  deformation-potential  and  piezoelec¬ 
tric  couplings.  Results  show  that  the  absorption  coefficient  and  change  in 
sound  velocity  oscillate  with  the  dc  magnetic  field.  However,  when  the  di¬ 
rection  of  the  propagation  of  ultrasounds  is  not  the  same  as  that  of  the 
field,  both  absorption  coefficient  and  change  in  sound  velocity  will  diminish 
and  become  insignificant  in  the  intermediate-magnetic-field  region.  These 
results  are  quite  different  from  those  of  nondegenerate  semiconductors . 


Several  experiments  in  n-type  InSb  on  the  absorption  coefficient  and  change  in 
sound  velocity  for  ultrasounds  propagating  parallel  to  or  perpendicular  to  a  dc  mag¬ 
netic  field  have  revealed  a  magnetic-field  dependence  over  a  wide  range  of  field 
1-3  4 

strengths.  In  an  earlier  paper,  it  has  been  shown  that  the  absorption  coefficient 
and  change  in  sound  velocity  depend  on  the  direction  of  the  propagation  of  ultra¬ 
sounds  relative  to  the  dc  magnetic  field  in  nondegenerate  semiconductors .  When  the 
ultrasonic  wave  vector  q  approaches  ninety  degrees  to  the  direction  of  the  field, 
the  absorption  coefficient  becomes  small.  In  our  present  study,  we  investigate  the 
effect  of  the  propagation  of  ultrasounds  on  magnetoacoustic  phenomena  in  degenerate 
semiconductors  using  a  quantum  treatment  which  is  valid  at  high  frequencies  and  in 
strong  magnetic  fields.  The  interaction  between  ultrasounds  and  conduction  electrons 
is  assumed  via  the  piezoelectric  and  deformation-potential  coupling  mechanisms.  For 
degenerate  semiconductors ,  the  distribution  function  of  electrons  is  represented  by 
the  Feral-Dlrac  statistics.  The  interesting  temperature  is  very  near  absolute  zero. 
Since  we  are  interested  in  the  high-frequency  region  such  that  |q|i  »  1 ,  where  i  is 
the  electron  mean  free  path,  the  effect  of  collisions  is  neglected  in  our  present 
case. 

The  eigenfunctions  and  eigenvalues  for  the  nonparabolic  band  structure  can  be 

expressed  as  ' 

-  exp(ik^y  +  ik^zjejx  -  (Hc/eB)ky]  ,  (1) 

-  -  «*IgU  -  (1  ♦  (4/*g){<n  +  %)Bmc  +  J**>.  (2) 

where  a*  is  the  effective  mass  of  electrons  at  the  minimum  of  the  conduction  band. 
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Eg  is  the  energy  gap  between  the  conduction  and  valence  bands,  and  u>  is  the  cyclo¬ 
tron  frequency  of  electrons.  Following  the  same  method  of  quantum  treatment  as  in 
our  previous  paper,  the  linear  longitudinal  condcutivity  can  be  obtained  as 


•-«-*  ■  ^ « 

where  is  the  electron  density,  u*  is  the  plasma  frequency  of  the  electron,  u  is 

the  frequency  of  ultrasounds,  f^n  is  the  distribution  function  of  electrons,  6  is  the 

angle  between  the  ultrasonic  wave  vector  q  and  the  magnetic  field  S,  and  0^  is  given 

hy  *  (i  +  ZE^/Eg)"1.  (4) 

The  factor  M  ,  is  defined  by 

n  n 

Mn,n  “  (n!/n' !)(%L2q2sin20''n  -nexp(-JjL2q2sin20l  L^  n(*iL2q2sin20)]  2  for  n’  5  n,(Sa) 
Mn,n  “  (n‘ !/n!)(*iL2q2sin20)n-n  exp(JjL2q2sin20l  l“,n  (>iL2q2sin20)] 2  for  n’  <  n,(5b) 

t  _ 

where  L  “  )’  is  the  classical  radius  of  the  lowest  Landau  level  and  L„(x)  is 

C  X 

the  associated  Laguerre  polynomial. 

The  relation  between  the  absorption  coefficient  a„  and  the  linear  longitudinal 
conductivity  a  is  given  by  ^ 

a, i  "  -(4*q/pev2X  $2  +  (Cue/4irev  )2)B(  1  -  (4iro  /ime)]-1,  (6) 


where  p  is  the  density  of  the  material,  e  is  the  static  dielectric  constant,  vs  is 
the  sound  velocity,  C  is  the  deformation  potential,  and  3  is  an  appropriate  piezo¬ 
electric  constant.  The  change  in  sound  velocity  is  also  related  to  the  linear 
longitudinal  conductivity  o  as  ^ 

Av  /v  -  (2v/pev2X  32  +  (Cwe/4vev  )2]IUC  1  -  (4wo  /ime)]-1.  (7) 

B  8  8  8  ZZ 

19  —3 

The  relevant  values  of  physical  parameters  for  n-type  InSb  are  nQ  “  10  cm  , 
m*‘  *  0.039mQ  (mQ  is  the  free  electron  mass).  Eg  “  0.5  eV,  E^  ■  0.434  eV,  e  -  18, 

8  “  2.078  x  104  esu/cm2  for  q  //  [  111),  p  ■  ■  5.8  gm/cm^,  v  *4i  105  cm/sec,  and 
C  ■  4.5  eV.  In  Fig.  1  the  absorption  coefficient  is  plotted  as  a  function  of  the  dc 
magnetic  field  B.  It  can  be  seen  that  the  absorption  coefficettt  oscillates  with  the 
magnetic  field.  However,  when  the  angle  0  is  different  from  zero,  the  absorption 
coefficient  diminishes  to  very  small  values  in  the  intermediate  magnetic  fields. 
Hence  the  absorption  coefficient  can  be  observed  only  in  stronger  magnetic  fields 
when  the  angle  0  increases.  In  Fig.  2,  it  shows  that  the  change  in  sound  velocity 
oscillates  with  the  magnetic  field.  When  the  angle  0  increases,  the  change  in  sound 
velocity  diminishes  to  very  small  values  in  the  intermediate  magnetic  fields.  Con¬ 
sequently,  if  the  direction  of  propagation  of  ultrasounds  is  not  the  same  as  that  of 
the  dc  magnetic  field,  the  magnetoacoustic  effect  becomes  insignificant  in  the 
latenedlate-magnatic-fleld  region. 

*  Partially  supported  by  National  Science  Council  of  China  in  Taiwan. 
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EFFECT  OF  MAGNETIC  FIELD  ON  BALLISTIC  HEAT-PULSE  SCATTERING  IN 
n-TYPE  GERMANIUM 

T.  Miyasato*,  M.  Tokumura  and  P.  Akao 

The  Institute  of  Scientific  and  Industrial  Research,  Osaka  University,  Suita 

SBS  Osaka,  Japan 

Abstract.-  The  scattering  of  ballistic  heat-pulse  propagating  along  the 
(100)  axis  of  lightly  Sb  or  As  doped  Ge  has  been  studied  as  a  function 
of  (100)  magnetic  field  and  the  heater  temperatures  ranging  from  4.6  to 
8.6  K  for  3b  doped  Ge  (6.6  to  9.3  K  for  As  doped  Ge).  It  is  shown  that 
tbs  transmitted  ballistic  heat-pulse  intensity  detected  by  CdS  thin 
film  bolometer  increases  with  increasing  magnetic  field  up  to  60  kG 
with  sample  temperatures  ranging  from  1.8  to  4.2  K,  and  the  behavior 
depends  on  the  oonoentration  of  donor  atom  even  at  such  a  low  concen¬ 
tration  region.  The  behavior  of  the  detected  ballistic  heat-pulse 
amplitude  is  compared  with  a  calculation  based  on  the  Suzuki -Mlkoshiba 
theory,  taking  into  the  shrinkage  effect  of  the  donor  wave  function 
and  the  resulting  change  of  the  value  of  the  valley-orbit  splitting. 


1 . Introduction. -  The  donor  atoms  of  V -group  in  Ge  have  shallow  donor  levels, 
and  the  ground  state  of  which  splits  into  the  lowest  singlet  (A1 )  and  the 
higher  laying  triplet  (T^).  This  is  called  the  valley-orbit  splitting,  and 
the  separation  of  which  is  denoted  by  44,  with  the  values  of  0.32  meV  for  Sb 
doped  Ge  and  4.23  meV  for  As  doped  Ge.  The  donor  electrons  in  the  ground 
state  of  many-valley  semiconductor  such  as  Ce  or  Si  are  ooupled  with  the 
aooustio  phonons  through  a  deformation  potential  coupling.  When  the  magnetic 
field  is  applied, the  energy  level  of  the  ground  state  undergoes  the  Zeeman 
splitting,  and  the  shrinkage  effect  of  the  donor  wave  funotion  should  be  con¬ 
sidered  simultaneously.  Consequently,  the  value  of  44  and  the  out-off 
funotion  are  changed  by  the  magnetio  field. 

2 .Experimental  Teohnlaue  and  Procedure.-  CdS  thin  film  bolometer(l)  was  used 
for  the  detection  of  ball^stio  heat-pulse.  The  Au-thin  film  was  evaporated 
onto  one  surface  of  the  sample  as  a  heater.  The  phonon  flux  emitted  from  the 
Au-heater  travels  balllstieally  in  the  sample  and  arrives  at  the  CdS  film. 

The  release  of  the  eleotrons  in  the  trapping  centers  of  CdS  by  this  heat- 
pulse  phonons  gives  rise  to  the  variation  of  the  eleotric  resistance.  The 
observed  pulse  amplitude,  that  is  measured  as  a  peak  resistanoe  change  in 
CdS  bolometer,  represents  the  transmitted  phonon  power.  The  experimental 
results  of  the  pure  Ge  showed  the  ohange  of  the  signal  height  of  2-3  Jt,  whloh 
means  that  the  magnetic  field  effect  on  the  generating  and  detecting  systems 
oan  be  negleoted  in  the  present  experiments. 

* Present  address  t  Department  of  Physics,  University  of  Lancaster,  Lancaster  LAI  4TB, 
■aglamd 
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5. Experimental  Results.-  The  experimental  results  for  Sb  doped  Ge  is  shown 
in  Fig.1,  and  those  for  As  doped  Ge  are  shown  in  Pig. 2  and  3*  and  summarised 
as  follows* (i)ln  Sb  doped  Ge,  the  signal  echo  height  increases  with  the  mag¬ 
netic  field  for  all  heater  temperature  T^'s,  and  the  ratio  of  the  change  in 
the  signal  echo  height  increases  with  increasing  T.  .  (ii)ln  As  doped  Ge,  the 
signal  eeho  height  decreases  at  5  kG  and  then  increases  in  1.5x10  4As/cnr 
doped  sample,  but  aonotonioally  increases  in  0.9x10^ ^ As/ cm^  doped  sample. 
Namely,  there  is  a  concentration  dependence  in  such  a  low  concentration 
region. 

4. Discussion  and  Conclusions.-  (a)Energy  of  ground  state:  When  the  magnetic 
field  is  applied  along  the  (100)  axis  of  n-type  Ge,  the  equivalence  of  the 
four  conduction  band  minima  is  kept  and  the  degeneracy  of  the  triplet  state 
is  not  removed  except  for  the  spin  splitting.  In  this  configuration,  4^ is 
changed  through  the  shrinkage  of  the  donor  wave  function  by  the  magnetic 
field,  and  the  magnetic  field  dependence  of  4^  for  this  configuration  was 
given  by  Lee  et  al(2).  The  cut-off  function  in  the  donor  eleotron-phonon 
interaction  is  also  changed  through  this  shrinkage.  Therefore,  the  phonon 
scattering  by  donor  electrons  through  process  unaccompanied  with  donor  spin 
reversal  is  strongly  affected  due  to  the  shrinkage  effeot.  (b)scattering  of 
heat-pulse  in  n-type  Ge  under  magnetic  field:  The  phonon  relaxation  rate  in 
the  ballistic  heat-pulse  propagation  along  the  (100)  axis  under  (100)  mag¬ 
netic  field  is  calculated  on  the  basis  of  ref,(})  and  shown  in  ref.(4)»  The 
calculated  curves  are  shown  in  Pig.}  for  As  doped  Ge,  and  in  Pig. 4  for  Sb 
doped  Ge,  and  summarized  as  follows.  For  Sb  doped  Ge,  the  calculated  results 
by  this  theory  (denoted  by  b)  show  opposits  sence  to  the  experimental  result^ 
and  for  As  doped  Ce,  the  calculated  curve  shows  smaller  change  compared  with 

the  experimental  results. 
(o)Soattering  by  the  homopolar- 
pair:  The  phonon  scattering  by 
homopolar  pair (5, 6, 7)  was  calcu¬ 
lated  using  approprate  parameters 
for  Sb  doped  Ge,  and  shown  in 
Pig. 4  by  A.  As  seen  from  these 
curves,  it  is  necessary  to  take 
into  consideration  the  scattering 
of  phonons  by  homopolar- pair  even 
in  suoh  a  very  low  concentration 
region  in  addition  to  the  scatter¬ 
ing  by  the  neutral  shallow  dobore. 
Acknowledgement*:  We  would  like 
to  express  our  deep  thanks  to 
Dr.  Katsuo  Suzuki  for  his  helpful 


Magnetio  Wield. 


Pig.  1  :  Magnetio  field  dependence  of 
transmitted  heat-pulee(T  mode)  amplitude 
in  Sb(n>0.4w101V(MI1^)  doped  Ge.  Sample 
temperature  T0»1.8  K,  heater  temperature 
Th's  are  4*6,  6.4  and  6.8  X, 


C6-660 


JOURNAL  DE  PHYSIQUE 


discussions  and  encouragements. 
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Fig.  2  :  Magnetio  field  dependence  of  trans¬ 
mitted  heat-pulse(T  mode)  amplitude  in  As(n- 
1 . 5*1 O1 4/ cm3 )  doped  Ge . 


Fig.  5  :  Magnetic  field 
dependence  of  transmitted  heat- 
pulse^  mode)  amplitude  in  Sb 
(n-0.9*1015/cm3)  doped  Ge. 
Sample  temperature  is  1.8  K, 
and  heater  temperatures  are 
6.6  and  9.3  K.  Theoretical 
curve  was  calculated  based  on 
Suzuki-Mikoshiba  theory  using 
appropriate  parameters  for  Tu=» 
6.6  K. 
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Fig.  4  :  Theoretically  calcu¬ 
lated  ourves  for  Sb(n«0.4x10' 3 
/cm*  doped  Ge. Upper  ourves 
show  the  magnetio  field  de¬ 
pendence  of  scattering  of 
phonons  by  homopolar  pair,  and 
lower  ourves  show  that  of 
scattering  by  neutral  shallow 
donor  eleotron( Suzuki-Mikoshiba 
theory).  To  explain  the  experi¬ 
mental  results  fully,  it  will 
be  neoessary  to  consider  both 
soatterings. 
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LOCAL-FIELD  EFFECTS  AND  ZONE-CENTER  PHONONS  IN  POLAR  AND  COVALENT 
CUBIC  SEMICONDUCTORS 


R,  Resta  and  A.  Baldereschi 

Inetitut  de  Physique  AppliquSe,  EPFL,  1015  Lausanne,  Switzerland 


Abstract.-  Microscopic  lattice-dynamics  calculations  based  on  first-principle 
dielectric  matrices  are  presented  for  SI,  Ge,  GaAs,  and  ZnSe.  Phonon  fre¬ 
quencies  are  calculated  in  the  limit  of  long  wavelength  and  compare  well 
with  experimental  data.  Local-field  effects  are  essential  to  explain  the 
trends  with  Increasing  lonicity  in  the  Ge  isoelectronic  series.  The  elec¬ 
tronic  polarization  density  associated  to  zone-center  phonons  is  analyzed 
in  real  space. 


1.  Introduction.-  Recent  first-principle  investigations  of  the  lattice  dynamics  of 
solids  are  based  either  on  the  self-consistent  scheme 1  or  on  the  linear-response 
approach2.  Advantages  and  shortcomings  of  both  techniques  are  presently  being 

s' -ced. 

The  microscopic  1 1near- response  scheme  Is  based  on  the  inverse  dielectric  ma¬ 
trix  (IDM)  of  a  solid  and  amounts  to  evaluate  the  electronic  response  to  the 
lattice  distortion  of  a  frozen- in  phonon.  The  few  first-principle  calculations 
available  to  date^  refer  to  SI  only  and  give  conflicting  results  on  the  accuracy 
attainable. 

Mere  we  present  a  first-principle  11 near- response  study  of  zone-center  phonons 
in  both  covalent  (SI  and  Ge)  and  polar  (GaAs  and  ZnSe)  cubic  semiconductors.  Be¬ 
sides  phonon  frequencies,  we  elso  compute  in  r  space  the  electronic  polarization 

4 

associated  to  phonon  .modes.  This  quantity,  up  to  now  available  for  SI  only  ,  Is 
essential  for  a  better  understanding  of  the  electronic  contribution  to  Interatomic 
force  constants  and  for  developing  more  realistic  models  In  lattice  dynamics. 

2.  Phonon  frequencies  at  Grllloulh-zone  center.-  He  have  calculated  phonon  frequen- 
cles  at  q  *0  using  the  linear-response  scheme2  based  on  the  Appel baum-Hanann  Ionic 
pseudopotentials*  and  recently  calculated  IOM’s  of  order  113*.  The  latter  have 
been  extended  by  adding  the  Lindhart  free-electron  contribution  of  116  additional 
reciprocal  lattice  vectors.  The  resulting  phonon  frequencies  are  reported  In 
Table  1  together  with  experimental  data.  The  overall  relative  error  Is  about  10  t 
(20  »  In  ZnSe). 
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The  TA  frequency  is  vanishing  and  only  the  TO  one  is  of  interest.  We  analyze 

2 

o»jq  in  Table  II  and  find  that  (i)  local  fields  (i.e.  off-diagonal  IDM  elements) 
are  more  important  in  more  ionic  materials,  indeed  they  are  responsible  for  the 
lowering  of  with  ionicity  in  the  Ge  isoelectronic  series,  and  (ii)  local-field 
effects  are  more  relevant  in  Ge  than  in  Si. 


Opposite  to  the  transverse  case,  the  dynamical  matrix  for  longitudinal  phonons 


at  q  «  0  depends  also  on  the  nonanalytic  part  of  the  IDM  through  the  Bom  effective 
2 

charges  Z£  and  Z*  (the  A,C  labels  indicate  anion  or  cation)  which  should  satisfy 

the  relationship  ZjJ  +  Z*  *  0  as  required  by  the  acoustic  sum  rule  (ASR) .  In  our 

first-principle  calculation  without  adjustable  parameters  the  ASR  is  not  exactly 

fulfilled  (cf.  the  calculated  values  of  1*  given  in  the  lower  portion  of  Table  I) 

and  this  is  why  we  obtain  w. ,  /  0.  The  largest  ASR  violation  is  16  *  in  ZnSe;  simi- 

3  7 

lar  deviations  were  previously  obtained  for  Si  *  .  For  the  LO  frequency  we  obtain 
“LO  *  “TO  cova1ent  crystals  (a  result  of  symmetry  alone)  and  we  predict  reasonab¬ 
ly  well  the  LO  -  TO  splitting  in  polar  materials.  Due  to  the  ASR  violation,  the 


calculated  longitudinal  eigenvectors  are  not  exactly  the  acoustic  and  optic  modes. 


The  mixing  however  is  small. 


Tab._2  :  Calculated  (upper)  and  expt. 
(tower)  phonon  frequency  at  the  BriVlou- 
in  zone  center,  in  THz.  The  calculated 
Born  effective  charges  are  also  shown. 


SI 

Ge 

GaAs 

ZnSe 

“TA 

0 

0 

0 

0 

0 

0 

0 

0 

1.32 

0.82 

0.74 

1.19 

0 

0 

0 

0 

“TO 

17.23 

8.09 

7.47 

4.81 

15.53 

9.11 

B.06 

6.09 

“LO 

17.23 

6.09 

8.00 

6.51 

15.53 

9.11 

8.75 

7.55 

* 

ZA  * 

0.60 

-1.24 

-0.96 

-X 

0.49 

0.60 

2.19 

2.21 

Tab.  2  :  Partial  contributions  (THz2) 
to  »2q:  a)  bare  Ions;  b)  and  c)  diago¬ 
nal  and  off-diagonal  up  to  113  S  vect¬ 
ors;  d)  diagonal  free -electron  from  116 
additional  G  vectors. 


SI 

Ge 

GaAs 

ZnSe 

•) 

415.9 

142.1 

135.3 

106.7 

6) 

-137.4 

-69.2 

-59.5 

-33.2 

c) 

-14.4 

-19.0 

-31.5 

-64.0 

32.9 

11.5 

11.4 

11.6 

Fig.  1  :  Polarization  electron  density 
(o'ol  electrons/cell)  Induced  In  ZnSe  in 
the  (1,1,0)  plane  by  optical  phonons  at 
the  zone  center.  Larger  dots  indicate 
anion  sites,  (a)  TO  mode;  (b)  LO  mode. 
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3.  Electronic  polarization  associated  to  zone-center  phonons.-  We  do  not  consider 

here  q  »  0  acoustic  phonons  since  they  correspond  to  rigid  translations  of  the 

lattice  and  Induce  therefore  the  sane  rigid  translation  of  the  electron  density.  The 

q  »  0  10  and  TO  nodes  differ  on  a  macroscopic  scale  but  their  ionic  displacements 

in  the  unit  cell  are  the  sane  for  q  -*•  0  and  are  given  by  u.  »  -  B_1u  and  ur  *B  u 
2  ^ 
where  B  -  H^/M^  is  the  nuclear  mass  ratio,  and  u  is  an  effective  amplitude  of 

the  frozen-in  phonon  which  in  the  computations  has  been  chosen  as  u  *  0.005  (1,1,1) 

in  a.u..  Electronic  polarization  densities  Induced  by  these  displacements  have 

been  calculated  by  inserting  the  11 near- response  electronic  screening  potential 

into  Poisson  equation. 

In  covalent  materials  the  polarization  densities  associated  to  LO  and  TO  modes 
are  the  same  for  q  *  0  and  they  are  similar  to  the  result  already  known  for  Si4. 
Electronic  screening  mostly  corresponds  to  a  transfer  from  stretched  to  compressed 
bonds. 

In  polar  materials  the  LO  and  TO  modes  for  q  *0  Induce  the  same  macroscopic 
polarization  but  a  different  microscopic  response  (Fig.  1),  the  difference  being 
the  same  electronic  polarization  density  as  the  one  Induced  by  an  effective  exter¬ 
nal  uniform  field  (f  ■  -  4*  (ZjJ  u^)  /  0  where  0  is  the  unit  cell  volume. 

The  electronic  response  Is  stronger  for  the  TO  than  for  the  LO  mode  in  agreement 
with  energy  considerations.  Electronic  response  in  ZnSe  is  mostly  given  by  dipoles 
at  the  atomic  sites  as  one  expects  In  an  Ionic  material  and  contains  a  very  large 
local-field  contribution.  The  results  for  Gate  are  intermediate  between  those  of 
Ge  and  ZnSe. 

4.  Acknowledgement.-  Work  supported  In  part  by  the  Swiss  National  Foundation,  and 
the  GNSM  -  CNR,  Pisa,  Italy. 
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PHONON  SPECTROSCOPY  OF  CHROMIUM-DOPED  GALLIUM  ARSENIDE  USING 
SUPERCONDUCTING  TUNNEL  JUNCTIONS 


H.  Hamdache,  P.J.  King,  D.T.  Murphy  and  V.W.  Ramp ton 

Department  of  Physios,  University  of  Nottingham,  University  Park,  Nottingham, 
NG7  2ND,  England 


Abstract;-  Phonon  spectroscopy  measurements  have  baan  asda  on  a  variety  of 
chromium -doped  gallium  arsenide  saaplea  over  the  range  3  cn”l  (90  GHa)  to 
24  c«*l  (720  can)  at  1  I,  In  eemi-insulet lng  saaplea  and  in  weakly  p-type 
saaplea  a  cluster  of  three  partially  resolved  resonant  absorptions  at  4.2  cm-} 
4.9  cm-1  and  9.6  cm-1  are  found,  together  with  a  weaker  but  broader  absorp¬ 
tion  at  10  cm-1.  These  absorptions  are  not  affected  by  sub-band  gap 
illualnation.  In  n-type  saaplea  these  features  are  not  found  under  dark 
conditions,  but  nay  be  induced  by  illualnation. 


Chroaliaa  has  often  been  Introduced  into  gallium  arsenide  to  compensate 
shallow  donors  in  the  production  of  seal-insulating  (SI)  device  substrates.  The 
nunerous  charge  states  of  chroalun  have  been  studied  by  a  wide  range  of  techniques 
which  have  included  electron  spin  resonance  (epr) ,  -optical  absorption,  photo- 
1  unloose once  and  far  infra-red  spectroscopy.  Techniques  which  involve  the  coupling 
of  chroalun  ions  to  'phonons'  have  Included  acoustic  rwlanatlon,  acoustic  para- 
aagnetlc  resonance  (apr) ,  thermal  conduction  and  heat  pulse  techniques. 

Many  experts ental  results  have  been  explained  on  a  model  where  chromium 
substitutes  (s)  for  gallium  in  the  GaAs  lattice.  Cr*+  has  been  used  to  explain 

epr,  far  infra-red  spectroscopy,  the  0.82  eV  optical  absorption  line,  and  an 

3,  4+ 

acoustic  relaxation  peak.  Crg  and  Cr(  have  been  reported  to  give  distinctive 
epr  lines  while  Cr*4  has  been  observed  only  under  large  hydrostatic  pressure. 

The  dominant  state  la  found  to  depend  on  the  nature  of  the  materiel,  Cr*4 

dominating  in  n-type  material,  Cr4+  dominating  in  strongly  p-type  material r.  while 

'  *  2+  1+ 

81  material  contains  a  mixture  of  Cr^  and  Cr^  .Valence  changes  can  be  induced 
by  suitable  Illualnation  (see  l,  2,  8,  ft  and  8  and  references  therein). 

Dynamic  Jehn-Teller  models,  which  have  replaced  the  original  static  Jaha- 
Teller  models  of  Cr^*  and  Cr^4,  ere  now  well  developed*. 

Dome  phonon  results  have,  however ,  act  received  a  satisfactory  explanation, 
those  including  apr1,  and  for  example  the  frequency  crossing  results  of  Challia 
and  Danders* 

One  technique  whiph  has  apt  been  widely  applied  to  this  system  is  phonon 
spectroscopy  using  ttaanel  junctions,  although  Narayanamurti  has  described  a 
measurement  node  on  semi-las ulat lag  (81)  material4. 
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We  have  nade  Measurements  on  n-type,  SI  and  lightly  p-type  Material  ualng 
aluainlua  detectora  and  lead  bisauth  alloy  generatora  both  In  the  dark  and  In  sub- 
band  gap  lllualnation.  The  reaulta  reported  here  were  obtained  ualng  low 
frequency  sine  wave  Modulation  of  the  generator  junction,  and  detection  of  that 
frequency  using  phase  sensitive  detection  techniques,  although  pulse  aeaiuraenta 
have  also  been  aade  (see  for  exasple  Kisenaenger5) . 

The  saaplea  used  originated  either  fro*  Czechoslovakia  or  fron  the  Plessey 
X  3  6 

Company  in  England  *  '  .  The  results  here  were  aade  on  CS-B,  an  SI  Czechoslovakian 
saaple,  GA781,  a  lightly  p-type  saaple  containing  zinc  which  is  aaai-lnsulating 
at  hellUn  temperatures ,  GA735-1,  an  SI  saaple  and  GA735-1,  an  n-type  saaple  which 
reaalns  n-type  down  to  1  K. 

5  10  IS  20  25  cm-1 


Figure  1: 

Detected  signal  as  a 

function  of  generator  bias. 
The  saaple  was  cut  for 
<100>  propagation. 


3.5  4.0  4.5  5.0  5.5  8.0  aV 

The  reaulta  on  the  p-type  and  senl-lnsulatlng  saaplea  were  essentially 
similar  and  a  spectrum  obtained  oa  CM  is  shown  in  Figure  1.  The  onset  of 
detector  sensitivity  at  ^  3  cm”  Is  aasked  by  a  group  of  three  strong  and 
partially  resolved  resonant  absorptions,  indicated  by  arrows.  A  higher  energy 
abeorptlon  In  .«e  region  of  10  on”?  1b  also  Indicated.  In  BI  samples  these 
lines  are  little  affected  by  sab-band  gap  illumination  provided  by  an  optic 
light  guide  from  a  quarts  lodina  lamp  through  a  silicon  filter,  this  arrsngsnsnt 
providing  s  band  pass  of  O.S  ev  to  1.1  eV. 

In  a- type  material  none  of  tbo  resonances  described  ebove  ere  found  if  the 
sanple  Is  cooled  to  1  K  in  total  darkness.  If,  however,  the  sample  is  then 
illuminated  with  sub-band  gap  light  ail  of  the  arrow ad  features  An  Figure  1 
appear  la  a  tine  dependant  on  the  light  intensity.  On  rowval  of  the  light 
tbs  features  decay,  the  time  taken  to  reach  half  height  being  of  order  three 
henre.  It  la  feasible  to  digitally  subtract  the  spectre  et  different  tine# 
after  illumination  and  each  subtractions  sire  shown  la  Figure  i.  I  ie  the  result 
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5  10  IS  cn-1 


Figure  2: 

Subtracted  spectre  es  a 
function  of  generator  bias. 
The  ample  was  cut  for 
<100>  propagation. 


of  light  -  1§  hours  dark  and  II  is  the  result  of  light  -  3  hours  dark.  The 
three  features  at  4.2,  4.9  and  5.6  ca-1  are  clearly  risible  and  the  broad  band 
at  10  ca-1  la  reproduced.  A  lower  shoulder  on  the  three  line  band  la  also  In 
evidence.  All  lines  appear  to  be  created  and  decay  In  proportion.  The  light 
dependence  of  these  results  reseables  that  of  the  apr  on  the  sane  saaples  in  that 
In  81  aaterlal  resonances  are  seen  which  can  be  light  Induced  In  n-type  samples. 
Chains  and  kandane  hare  reported  a  phonon  absorption  at  S  ca-1  although  they 

e 

were  unable  to  resolve  any  structure  .  Our  lower  shoulder  nay  be  the  upper  stag 
of  their  line  at  2.7  ca-1.  They  attribute  these  two  lines  and  one  at  13.3  ca-1 

3+ 

to  Crs  ,  although  It  asms  inprobable  that  this  Kraaere  Ion  Is  also  responsible 
tor  the  apr. 
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ULTRASONIC  PHONONS  IN  Hg0>8Mn0.2Te  :  DEPENDENCES  OF  ELASTIC  MODULI  ON 
PRESSURE  AND  TEMPERATURE 

M.H.  Chao  and  X.J.  Sladek 

Department  of  Phyeioe,  Purdue  University,  West  Lafayette,  Indiana  47907,  U.S.A. 


Abstract.-  Ultrasonic  transit  times  have  been  measured  for  Hg0.aMn0.2Te,  a 
semlmagnetlc  semiconductor,  as  a  function  of  pressure  up  to  4  kbar  at  296  K 
and  of  temperature  from  1.5  to  296  K.  They  are  used  to  deduce  the  second 
order  elastic  stiffness  constants  SOEC  and  also  force  constants  and  third 
order  elastic  constants  at  296  K.  The  shear  modulus  C$  *  (Cn  -  C12)/2  Is 
decreased  by  pressure  implying  a  structural  transformation  at  10  kbar.  No 
elastic  effects  attributable  to  the  magnetic  moments  of  the  Mn  Ions  are 
observed  even  at  low  temperatures. 


Hgi-xMnxTe  crystals  with  x  s  0.35  have  the  cubic  zinc-blende  structure.  The 
magnetic  susceptibility,  x,  and  heat  capacity  of  Hgj-xMnxTe  exhibit  effects  at  low 
temperatures1  which  depend  on  the  magnetic  moments  of  the  Mn  Ions.  Since  the  elastic 
properties  of  Hgj-xMnxTe  are  unknown  for  x  >  0,  we  have  begun  studying  them  In 
crystals  with  different  concentrations  of  Mn  and  report  herein  the  elastic  behavior 
of  semiconducting  Hg08Mn02Te. 

The  transit  times  of  30  MHz  longitudinal  and  transverse  ultrasonic  waves 
propagating  along  the  [1101  direction  were  measured  as  a  function  of  hydrostatic 
pressure  up  to  4  kbar  at  296  K  and  of  temperature  from  1.5  to  296  K  at  1  bar. 

He  obtain  values  of  Cn,  Ci2,  C44  and  C$  •  (Cn  C12)/2  for  Hgg.gMnQ^Te 
within  8X  of  those  for  HgTe.2  All  elastic  stiffness  moduli  of  Hgo.9Nn0.2Te  have 
linear  dependences  on  pressure.  As  can  be  seen  from  Table  I,  the  shear  moduli  Cs  and 
C44  decrease,  while  Cn  end  CJ2  Increase  with  Increasing  pressure.  For  Hgg.0Mno.2Te 
the  pressure  derivatives  of  Cn,  C)2,  and  Cg  are  within  9*  of  those  for  HgTe.3 
However,  cKWdp  Is  much  smaller  In  Hg0.8Mn0.2Te  than  In  HgTe  In  whldt  It  equals 
-0.12.  Our  results,  along  with  the  fact  that  HgTe  transform*  to  the  cinnabar  struc¬ 
ture  at  14  kbar,4  Implies  that  Hgo.s*ho.2*e  **111  have  e  similar  transformation  at 
somewhat  lower  pressure  which  we  estimate  to  be  ID  kbar  by  assuming  it  occurs5  when 
Cj/B  reaches  0.17  as  In  MgOa.  (•  Is  the  bulk  modulus  (Cn  +  2Cj2)/3.)  Clastic 
gammas  calculatad  from  our  date  using  the  relation  rj j  *  %  Wf  »fn  Cfj/eP  -  1/6  are 
listed  In  Table  I  also.  The  negative  sheer  mode  gammas  haply  that  the  thermal 
expansion  coefficient  of  Hge.sMno.2Te  will  be  negative  et  low  tempore teres  as  Is  the 
case  her  HgTe.6 

Using  equations  from  the  lfteratwem?  which  we  corrected  *or  some  errors,  and 
our  data  wa  deduced  the  fbrce  constants  and  third  order  elastic  stiffness  constants 
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Table  I.  Values  and  pressure  derivatives  of  elastic  stiffness  moduli  and  the  anhar- 
monlclty  parameters  (elastic  gammas)  of  Hg0.8Mno. 2Te  at  296  K. 


CjjtlO11  dyn/cm2) 

laC1.l/3Plp*l  bar 

rU 

C11 

5.15 

3.51 

1.23 

C12 

3.55 

4.25 

2.28 

C44 

1.96 

-0.29 

-0.47 

(Cn  *  Ci2)/2 

0.80 

-0.37 

-1.12 

(TOEC)  for  our  Hg0.aNn0.2Te  sample  as  shown  In  Table  II  —  <*  and  y  are  bond¬ 
stretching  while  6  and  a  are  bond-bending  constants,  whereas  e  is  a  mixed  bond 
stretching-bending  constant. 

Table  II.  Harmonic  force  constants  a  and  B  (In  104  dyn/cm),  anharmonlc  force 
constants  r»  a,  and  e,  and  third  order  elastic  stiffness  constants 
(in  1012  dyn/cm2)  of  Hg0.8Hh0.2Te  at  296  K.  j 

a  B  y  6  e  Cm  C112  C123  Cl44  C166  C456 

2.687  0.247  -1.609  -0.205  -0.221  -3.32  -1.62  -1.46  -1.06  -0.106  -0.004 


Our  value  of  B/a  for  Hg0.aNn0.2Te  Is  equal  to  that  found  for  KgTe3  Implying 
that  both  materials  have  the  same  Phillips  lonlclty  (0.65)  in  view  of  Ref.  8.  Our 
values  of  .  mi  e/r  for  Hg0<8Hho,2Te  are  consistent  with  how  these  ratios  depend 
on  ff  for  various  III-V  and  II-VI  compounds.7  The  SOEC,  the  force  constants,  and 
three  of  the  TOEC  are  smeller  in  Hg0.eiNn0.2Te  than  in  HgTe.  This  seems  consistent 
with  the  lower  transition  pressure  we  have  deduced  for  H90.sHn0.2Te  compered  to  HgTe. 

The  SOEC  of  Hgo.sMi0.2Tft  Increase  smoothly  in  the  usual  manner  as  temperature 
Is  decreased  from  296  K  feo  1.5  K.  The  overall  temperature  dependences  of  the  SOEC 
are  soawdtat  smaller  than  In  HgTe.  This  may  be  dua  to  the  r< j  and  TOEC9  having 
different  values  In  the  two  materials.  To  look  more  closely  for  possible  effects 
associated  with  the  Increase  of  magnetic  susceptibility1  at  low  tampcratures  we  show 
In  Ft*.  1  data  only  far  MO  K  and  below.  From  Fig.  1  there  seams  to  be  no  evidence 
Air  affects,  which  might  be  associated  with  the  magnetic  moments  of  the  Nh  tone.  The 
absence  of  anomalies  in  the  SOEC  is  consistent  with  there  being  no  cusp  in  x  and  no 
spin  glaki  transition  for  x  •  0.20  at  lew  taaparatures.1 

In  swneery,  from  our  ultrasonic  measurements  on  Ngg./bto.z**  *»  conclude 
that  Its  bonding  Is  weaker  and  transition  pressure  smeller  then  In  HgTe  and  that  the 
SOEC  ere  not  affected  appreciably  by  the  magnetic  moments  of  the  Nn  iqns< 
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Fig.  1.  Temperature  dependences  of 
normalized  second  order  elastic 
constants.  At  100  K,  Cn  ■  5.503, 
Cij  *  3.845,  and  C44  =  2.027,  all  In 
units  of  10“  dyn/cm2. 
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PHONON  ASSISTED  TRANSITIONS  IN  THE  FREE  CARRIER  ABSORPTION  OF 
SEMICONDUCTORS  IN  QUANTIZING  MAGNETIC  FIELDS 


H.N.  Spec tor *  and  T.M.  Rynee* 


I.I.T. 
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Abstract.  - 

Ha  have  investigated  the  affect  of  the  scattering  of  free  carriers  in  aesdcon- 
d uctors  hy  both  acoustic  and  optical  phonons  on  the  free  carrier  absorption  in 
quantizing  magnetic  fields.  He  find  that  for  electromagnetic  radiation  polarised 
either  parallel  or  perpendicular  to  the  magnetic  field,  the  free  carrier  absorption 
is  an  oscillatory  function  of  the  magnetic  field.  The  origin  of  this  oscillatory 
magneto-absorption  is  due  to  phonon  assisted  transitions  between  the  various  Landau 
levels  of  the  free  carriers  in  quantising  magnetic  fields.  From  the  periods  of  the 
oscillations  in  the  free  carrier  absorption,  the  frequencies  of  those  phonons  which 
interact  most  strongly  with  the  free  carriers  can  be  found. 


The  absorption  of  electromagnetic  radiation  by  free  carriers  in  intraband 
transitions  in  semiconductors  can  only  take  place  with  the  simultaneous  scattering 
of  the  carriers  by  imperfections  in  the  crystal1'2.  Therefore,  the  dependence  of 
the  free  carrier  absorption  coefficient  on  teaperature  and  wavelength  of  the  radia¬ 
tion  field  mill  depend  critically  on  the  scattering  mechanisms  which  axe  dominant 
in  a  particular  semiconductor3,  in  strong  magnetic  fields,  the  energy  levels  of 
the  fees  carriers,  which  form  a  continuum  la  a  particular  band  in  the  absence  of 
the  field,  are  quantised  into  Landau  subbands.  Because  of  this  quantisation,  the 
absorption  coefficient  will  become  a  function  of  magnetic  field  as  well  as  photon 
frequency  and  temperature.  Intraband  transitions  can  occur  not  only  to  states  la 
the  a  mss  landau  Subhead  bet  also  to  states  in  other  Landau  a  ribbands  if  the  energy 
of  the  photon  being  absorbed,  4a,  is  greater  than  the  energy  separation  between 
ssbbsmds,  which  la  fcw  .  where  *>  is  the  cyclotron  frequency  of  the  carriers,  for 

C  C 

parabolic  energy  bands.  An  oscillatory  dependence  of  the  free  carrier  absorption 

with  magnetic  field  is  predicted*  where  the  absorption  bee  peaks  when  a  -  nw  . 

c 

Sue  oscillatory  dependants  arises  from  oscillations  in  the  free  carriers  density 
of  states  whenever  transitions  can  take  place  to  a  mew  Landau  subband. 

Za  meet  tsnltsnduattrs,  there  la  a  range  of  temperatures  and  doping  levels  for 
which  either  acoustic  phonons  or  optical  pbooons  will  dominate  the  scattering  of 
the  free  carriers.  In tr abend  transitions  can  occur  with  either  tbs  absorption  or 
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emission  of  a  phonon.  When  this  occurs,  the  peeks  in  the  free  carrier  absorption 
coefficient  occur  when  fl±w  ”  tuu  5,  where  <hq  la  the  frequency  of  the  phonon  being 
absorbed  (plus  sign)  or  emitted  (minus  sign).  Therefore,  from  the  periods  of  the 
oscillation  of  the  free  carrier  absorption  in  quantizing  magnetic  fields,  the  fre¬ 
quencies  of  those  phonons,  whether  acoustic  and  optical,  which  dcadnate  the  scat¬ 
tering  of  the  free  carriers  can  be  determined. 

The  free  carrier  absorption  coefficient  Is  given  by 


where  W^**®  Is  the  transition  probability  given  by  second  order  perturbation  theory 
for  absorption  or  emission  of  a  photon, 

^  Zjj<flM+|i>|2  «(Ef-E1Thn-fuao) 

+  |<  flM_li>  | 2  «(K£-E1ThJH«too)}  (2) 


f£  is  the  free  carrier  distribution  function,  e  is  the  dielectric  constant,  n  the 
nusber  of  photons  in  the  radiation  field  and  <  f  1M± | i>  is  the  transition  matrix  ele¬ 
ment  for  the  electron-photon  interaction  with  the  simultaneous  absorption  or  emis¬ 
sion  of  a  phonon.  Because  the  form  of  the  interaction  Hamiltonian  between  the 
radiation  field  and  the  carriers  depends  upon  the  polarization  of  the  radiation,  we 
find  that  the  free  carrier  absorption  depends  not  only  on  the  magnitude  of  the  mag¬ 
netic  field  but  the  orientation  of  the  field  relative  to  the  direction  of  polari¬ 
zation  of  the  radiation.  For  the  radiation  polarized  along  the  direction  of  the 
magnetic  field  and  for  either  acoustic  or  optical  phonon  scattering  via  deformation 
potential  scattering,  the  free  carrier  absorption  coefficient  la 
gHe2K.2w  w  n  .  flm 

”  puicflifa  (2**k^T*  ainhCjj^r) 
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for  heavily  doped  semiconductors  where  the  carriers  are  degenerate, 
and  n2±  are  the  largest  Integers  satisfying  the  conditions 


(4) 

Here,  n±,  a^ 


n±u  e.  .  e.  n±u  j 

n  -  n.  + - —  ,  n,  -  = - -r-  and  n,  «  » —  + - —  -  •=■  and  the  rest  of  the  symbols 

i  1  iii  ’  1  Hu  2  2  (hu  a  2 

*•  c  c  c  c 

are  as  defined  In  previous  work4*5.  The  frequency  u0  lg  the  optical  phonon  fre¬ 
quency  when  optical  phonon  scattering  or  Intravalley  scattering  Is  Important  and  Is 
the  frequency  of  the  acoustic  phonon  which  interacts  most  strongly  with  the  free 
carriers  when  acoustic  phonon  scattering  la  dominant.  In  very  strong  fields,  these 
are  phonons  whose  wave  vector  q  •v  For  both  degenerate  and  nondegenerate 

semiconductors,  the  absorption  coefficient  Is  an  oscillatory  function  of  magnetic 
field  with  the  period  of  oscillation  depending  upon  the  frequency  of  the  phonons 
which  Interact  most  strongly  with  the  fine  carriers.  However,  the  detailed  depen¬ 
dence  of  the  absorption  on  field  and  the  amplitude  and  prodldty  of  the  oscilla¬ 
tions  differs  between  degenerate  and  nondegenerate  materials. 
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VIBRATIONS  OF  SUBSTITUTIONAL  IMPURITIES  IN  SEMICONDUCTORS 


O.H.  Nielsen 

Institute  of  'Physios,  University  of  Aarhus,  DK-8000  Arhus  C,  Denmark 


Abstract  -  The  Green's  function  technique  has  been  studied  in  detail,  permit¬ 
ting  numerical  calculations  of  mean-square  amplitudes  in  perfect  and  impure 
lattices.  The  U9Sn  substitutional  atom  is  distinguished  by  being  an  isoval 
impurity  in  Si,  Ge  and  a-Sn,  and  by  being  an  amphoteric  dopant  in  the  m-V 
miconductors.  Several  impurity  models  are  employed  for  quantitative  interp 
tation  of  MBssbauer  Debye-Waller  factors  from  a  systematic  study  by  Weyer 
al. 


1.  Green's  functions.  -  The  well  known  Green's  function  technique1  for  vibrations 
correlation  functions  (mean-square  amplitudes)  can  be  amended  with  a  few  expressions 
facilitating  actual  calculations.2  The  Green's  function  eqs.  (2.4.44),  (8.5.5)  of 
Ref.  1  can  be  written  for  real  u  as 


G^iK.t'ic’ ;w±  io) 


1 


vWTTTT 


Ik TV 


.2  . .  i  2 

ii  “  ii) 


dm' +£  9aS(^,t'ic';u))j  (1) 


;u)  is  a  generalized  density  of  states  (DOS)  function  which  for  the  per¬ 
fect  lattice  is  calculated  as  a  Brillouln-zone  sum.2  Pf  denotes  a  principal  value 
Integral  which  may  be  evaluated  numerically  as  in  Ref.  2.  The  impurity  Green's  func¬ 
tion  U  Is  found  by  solving  eq.  (8.5.2)  of  Ref.  1 


(A4  +  AR*u2)jlI  =  ^  , 


(2) 


which  for  practical  purposes  may  be  separated  into  two  coupled  equations  for  the 
real  and  imaginary  parts  using  eq.  (1),  see  eq.  (9)  of  Ref.  2.  Correlation  functions 
are  easy  to  obtain  when  the  DOS  functions  have  been  calculated,  since  the  fluctuation- 
dissipation  theorem  yields  with  eq.  (1) 


<ua(*K)uB(*,KJ)> 


gaB(  fae ,  l '  k  1  ;w)  •  eoth(  Diu/keT  )du» 


(3) 


In  particular,  the  mean-square  vibrational  amplitude  of  a  lattice  atom  or  an  Impurity 
Is  given  by  eq.  (3)  using  the  g^lK.tKju)  matrix  element  of  the  DOS  function.  For 
comparison  with  experimental  data  it  Is  often  convenient  to  expand  the  coth-factor 
to  obtain  an  expression  for  <ua(t*)*>  at  high  temperatures  (kRt>  hu^/Zit)  In  terms 
of  weighted  moments  of  the  DOS.3  The  moments  can  be  recast  in  terras  of  Debye  tempe¬ 
ratures  rigorously  defined  by2-1* 

tyH)  [^r  1  «  1-3  .  (4) 
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The  indices  (altc)  are  understood  for  80(N)  (which  can  vary  significantly  with  N). 
The  expansion  of  eq.  (3)  becomes 


e0(-2)e0(2) 
- 50T* — 


(5) 


The  terms  indicated  usually  give  accurate  values  when  T£$0q(-2).  Fitting  high-tempe¬ 
rature  <ua(lK32>  data  will  thus  determine  a  0p(-2)  value.  An  interesting  observation 
is  that  by  eq.  (1)  the  N  =  -2  moment  o*  the  DOS  is  simply  given  by  -  (fac.tie; 

co=0).  Applying  this  to  a  substitutional  impurity  yields  by  eq.  (2)  the  relation2 


6q(-2)  =0o(-2)* 


Ek 


(6) 


where  a  prime  refers  to  the  impurity.  The  function  F  is  found  by  solving  eq.  (2)  at 
<j  =  0.  A  mass  defect  with  A$  =  0  has  F  =  1.  A  model  for  impurity  mean-square  amplitudes 
at  high  temperatures  would  aim  at  calculating  F  for  various  A$. 


2.  Interpretation  of  MBssbauer  data.-  The  119Sn  substitutional  impurity  in  both 
group  1 Is  and  group  M-V6  semiconductors  has  been  investigated  by  MBssbauer  spec¬ 
troscopy,  detemining  the  temperature  variation  of  the  Debye-Waller  factor.  For  Si, 

Ge  and  a-Sn,  Weber's  adiabatic  bond-charge  model7  was  applied  for  the  perfect  lattice 
phonons  to  yield  the  0D(N).2«5  A  hierarchy  of  impurity  vibration  models  have  been 
considered:  (1)  The  mass  defect  model  (see  above)  proved  insufficient  for  Si,  Ge, 
but  of  course  good  in  a-Sn.  (2)  The  simple  and  analytical  Mannheim  model 3 >5  quanti¬ 
fied  the  0q(-2)  in  terns  of  force  constant  weakenings.  However,  this  model  assumes 
n.n.  central  forces  making  the  diamond  structure  unstable.  Furthermore,  the  force 
constant  changes,  necessary  within  this  model,  were  rather  large,  and  be  cer  models 
seem  warranted  for  the  semiconductors.  (3)  A  model  using  the  bond  charge  model  con¬ 
cepts  was  constructed,2  neclecting  any  changes  in  the  long-range  Coulomb  forces. 
Changing  simultaneously  all  impurity  potentials  to  fit  9q(-2),  resulted  in  force 
constant  changes  of -26%  (Si)  and  -27%  (Ge).  For  GaP,  C-aAs,  GaSb,  InP,  InAs,  and 
InSb  a  number  of  phonon  models  were  compared  with  neutron  diffraction  determinations 
of  <ua(tic)2>,  rendering  the  rigid  ion  and  deformation  dipole  models  insufficient.6 
Some  of  the  shell  models  gave  reasonable  results.  Site-selective  implantation  of 
U9Sn  yielded  a  complete  set  of  9q(-2)  values  which  were  analyzed  using  eq.  (6)  to 
determine  the  values  of  F.  The  E-  and  V-impurity  jites  were  clearly  distinguish¬ 
able  in  terms  of  F,  and  showed  an  unexpected  qualitative  difference  between  119Sn 
being  in  a  Ga-  or  an  In-compound. 
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PARAMETRIC  AMPLIFICATION  OF  MICROWAVE  PHONONS  IN  SEMICONDUCTORS 

H.N.  Spector* 

Illinois  Institute  of  Technology,  Chicago,  IL,  V.S.A. 


Abstract. - 

Two  different  nonlinear  processes  Involving  the  Interactions  of  phonons  with 
electrons  In  a  send. conductor  In  the  presence  of  a  d.c,  electric  field  have  been 
theoretically  Investigated.  The  first  process  involves  the  nixing  of  ultrasonic 
waves  to  generate  new  ultrasonic  wave*  at  the  sun  or  difference  frequencies  of 
the  original  waves.  The  mechanisms  which  couples  the  waves  together  Involves  the 
Interaction  of  the  carriers  bunched  by  one  of  the  waves  with  the  fields  Induced 
by  the  other  wave.  The  second  process  Involves  the  Interaction  between  e  forward 
traveling  ultrasonic  wave  and  a  elcrowave  radiation  field  to  generate  a  backward 
traveling  ultrasonic  wave  (phonon  echo)  and  an  amplification  of  the  forward  trav¬ 
eling  wave.  In  piezoelectric  seel conductors  In  the  presence  of  a  d.c.  electric 
field,  the  need  for  a  threshold  microwave  field  for  the  generation  of  the  echo 
wave  and  the  amplification  of  the  forward  traveling  wave  can  be  eliminated  under 
certain  circumstances. 


Nonlinear  processes  involving  the  Interaction  of  phonons  with  each  other  or 
with  photons  provide  a  mechanism  for  generating  high  frequency  phonons  In  the 
microwave  frequency  range.  These  nonlinear  processes  can  be  drastically  effected 
by  the  presence  of  drifting  carriers  in  a  semiconductor.  The  nonlinearities  which 
give  rise  to  the  parametric  amplification  of  microwave  phonons  in  semiconductors 
originate  either  from  the  nonlinear  properties  of  the  media  (such  as  the  existence 
of  third  order  eleatic  coefficients,  electro-optical  coefficients,  photoelastic 
coefficients,  etc.)  or  from  the  nonlinear  currents  generated  when  charge  carriers 
bunched  by  one  wave  Interact  with  the  fields  Induced  by  the  other  wave. 

The  basic  equations  which  gevem  the  behavior  of  the  system  of  phonons  Inter¬ 
acting  with  each  other,  es  well  as  with  electrons  and  photons,  are  the  equation  of 
motion  of  the  lattice  In  the  elastic  contlnuium  approximation 


3*u  » 

a) 

where  u^  is  the  solitude  of  the  ultrasonic  wave  and  T^  la  the  stress  tansor. 

Maxwell's  equations  for  the  electric  and  magnetic  fields,  and  the  constitutive  re- 

let Ions  between  the  stress  tansor,  polarisation  P,  magnetisation  M  sad  current 
♦  ♦  ♦ 
density  J  and  the  strain  tensor  S^,  electric  field  E  and  magnetic  field  I.  In  a 
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nonferroelectric  aster ial,  the  free  energy  F  can  be  expended  in  pcwera  of  the 

atraln  and  the  electric  field  while  in  e  ferroelectric  materiel,  it  can  be  ax- 

2 

pended  in  powers  of  the  strain  end  the  polarisation  .  The  streae  tensor  can  be 
obtained  from  the  free  energy  using  the  relation 


T 


ij 


3F 


while  the  electric  displacement  vector  and  electric 
from  the  free  energy  using  the  relations 


2 

‘  ie.la  vector 


(2) 

can  be  obtelned 


end 


(3) 

(4) 


The  current  density  induced  et  e  frequency  (1)3  can  also  he  expended  in  powers  of 
the  electric  field 

“  0ij(w3)Ej  +  A1jk(M1|«i2)Ej(«l)Ek(<i>2)  (5) 

where  “  u,  The  nonlinear  ten  in  the  current  density  arises  from  toe  nixing 

of 'Waves  of  different  frequencies  to  generate  waves  et  the  sun  or  different  fre¬ 
quency.  By  expanding  the  free  energy  up  to  terns  of  third  order  in  the  product  of 
the  strain  end  electric  or  polarisation  fields,  we  can  obtain  the  terse  in  the 
interaction  which  couple  the  phonons,  photons  and  electrons  together  in  the  lowest 
order  to  give  rise  to  parametric  amplification  of  phonons  in  semiconductors. 

We  now  consider  two  different  processes  in  which  waves  con  be  coupled  together 
by  the  nonlinear  terns  to  generete  new  waves  at  the  sun  end  difference  frequencies 

of  the  orlglnel  waves.  In  the  first  process,  two  ultrasonic  waves  ere  coupled 

3 

together  to  generate  alther  harmonics  or  sub  he  monies  of  the  original  waves  .  The 
electric  fields  which  appear  in  the  second  teem  of  the  current  density,  Eq, (5) , 
ere  then  the  plesoelectrlc  fields  Induced  by  each  of  the  ultrssonlc  waves.  In  the 

second  process,  there  is  an  interaction  between  an  ultrasonic  wavs  end  a  microwave 

1  2 

electromagnetic  wave  to  generate  an  echo  ultrasonic  wave  ’  or  between  two  ^ 
appositely  directed  ultrasonic  waves  to  generate  e  microwave  radiation  field  . 

Th«  electric  fields  in  the  second  term  of  the  currant  density  are  the  radiation 
field  and  the  plesoelectrlc  field  accompanying  the  ultrasonic  waves.  If  tbs  non¬ 
linear  coupling  terns  are  smell,  we  can  writs  tha  displacement  due  to  tbs  ultra¬ 
sonic  wave  and  the  electric  fields  due  to  tha  electromagnetic  wave  sa  plane  wavee 
modulated  by  a  slowly  varying  amplitude  A, 

B(s,t),  u(s,t)  «  A(s)axpKqs-nt)  (•) 

where  q  and  e  ere  the  wave  vector  end  frequency  of  the  particular  wave.  The  slow¬ 
ly  varying  anplltudee  of  the  waves  obey  e  differential  equation  of  this  form 

it  -  -  o^  +  *l1jkdjAk  (7) 


i 
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Hers  A^,  Aj  and  Aj_  are  the  slowly  varying  amplitudes  of  tbs  waves  which  are  coupled 
together,  la  the  linear  loaa  coefficient  for  the  1  th  wave  and  la  the  non¬ 
linear  coupling  coefficient  which  couples  the  three  wavea  together.  These  coupled 

equations  have  been  solved  to  obtain  the  generation  of  ultrasonic  waves  for  the 

l-1* 

different  processes  mentioned  above  .  The  results  obtained  depend  upon  the 
magnitude,  frequency  and  electric  field  dependence  of  the  nonlinear  coupling  co¬ 
efficient  . 

For  the  first  process,  which  Involves  the  mixing  of  ultrasonic  wavea  to  gene¬ 
rate  ultrasonic  waves  at  the  sum  or  difference  frequency,  the  nonlinear  coupling 
coefficient  gives  rise  to  a  nonlinear  gain  which  depends  on  the  strain  field 
accompanying  the  Initial  wave 


The  nonlinear  coupling  is  enhanced  In  paraelectrlc  and  ferroelectric  materials 
because  of  the  larger  nonlinear  material  parameters  in  these  substances.  Eq.(8) 
gives  the  nonlinear  for  the  case  of  subharmonic  generation.  For  harmonic  genera¬ 
tion,  the  Intensity  of  the  generated  wave  Is  directly  proportional  to  n. 

For  the  second  process.  Which  involves  the  mixing  of  ultrasonic  waves  with  a 
microwave  radiation  field  to  generate  an  echo  wave  and  amplify  the  original  ultra¬ 
sonic  wave,  wa  have  found  that  for  plasoalactrlc  semiconductors  In  the  presence  of 
an  applied  d.c.  field  the  need  for  a  threshold  microwave  field  for  generation  of 
the  echo  and  amplification  of  the  initial  wave  can  be  eliminated  under  certain 
clreiMtancas  .  The  condition  for  the  amplification  of  the  Initial  wave  and  the 
generation  of  the  echo  le 


IsR  >  «t+oa 

(9) 

N  -  K^-%)2  +  4n1na  J  21** 

(10) 

and  Kg  la  the  amplitude  of  the  microwave  field.  In  the  presence  of  drifting 
carriers,  where  the  subscripts  1  and  e  denote  quantities  associated  with 

the  Initial  and  ache  waves,  sad  the  condition  given  la  Bq. (9)  can  be  satisfied 
with  negligibly  email  threshold  mlcrowavs  electric  fields. 
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THE  LOCALIZED  MODES  DUE  TO  PHOSPHEROUS  DEFECTS  IN  CADMIUM  TELLUR IDE 


K.  Raaachendran  and  T.M.  Haridasan 

School  of  Physics,  Madurai  Kamaraj  University,  Madurai  625021,  India 


Abstract.-  Lutt  and  Spitser  hare  experimentally  observed 
the  localised  vibrational  nodes  related  to  the  phosphorous 
defect  in  CdTe  and  reported  that  this  defect  nay  fee  either 
to  substitutional  or  interstitial  site.  In  this  paper  we  study 
theoretically  this  phospheroue  defect  behaviour  for  these 
two  possible  sites  by  Green's  function  technique  and  we 
believe  that  phospheroue  goes  interstitially  rather  than 
subetitutionally.The  localised  nodes  paired  with  Ga.In  andAl 
arm  also  investigated  and  discussed  in  the  light  of  the 
experimental  results. 


1 . Introduction.-  Dutt  and  Spitser1  measured  the  infrared  active 
localised  vibration  nodes  (IV H)  in  Cd*e  when  defects  of  phosphorous 
paired  with  In.Ga  or  A1  are  Introduced.  Their  studies  on  LVM  could 
not  rule  out  the  possibilities  of  the  P  defect  going  to  inter¬ 
stitial  or  substitutional  sites.  It  »ay  further  go  to  Te  or  Cd  sites 
For  interstitial  configuration  it  nay  be  surrounded  by  4  Cd  neighbou 
rs  or  alternatively  by  4  Te  neighbours. The  site  symmetry  in  all 
these  case  is  Td  and  the  LVM  falls  under  the  P~  representation.  To 
throw  more  light  on  the  defect  configuration  in  the  light  of  the 
experinental  results  ,we  have  made  a one  theoretical  investigations 
on  these  LVMs  using  lattice  Green's  functions  and  the  results 
are  presented  here. 

solution  of  the  deterninantal  equation  1 1-  ^(*J)£l(Ul)|  «o  where 
g  refer  s  to  the  Green's  function  of  the  host  lattice  entering  the 
defect  space(constituted  by  the  defect  and  its  4  neighbours)  am. 

J 1  the  corresponding  matrix  for  the  force  constant  changes  in  the 
sane  defect  space. Using  the  aynnetry  coordinates  these  natrices  can 
be  blockdiagonaliaed  and  the  blocks  of  interest  correeopad  to  a 
3x3  matrix  corresponding  to  Fg  representations.  The  relevant  Green's 
functions  are  computed  using  the  phonons  and  eigenvectors  of  the 
modified  rigid  ion  model  of  Pluable  et  al * .  Assuming  no  relaxation 

the  force  constant. changes  can  be  expressed  with .  one  parameter 
A  A.  If  we  fit  the  experimental  LVM  to  this  configuration  we 

noticed  an  unusual  increase  of  the  force  constant.  When  one 
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normally  expects  a  force  constant  weakening  for  a  lighter  Impurity 
such  a  large  increase  in  the  present  case  (  About  74#  )  promted  us 
to  examine  the  interstitial  situation  using  lattice  Green's  func¬ 
tions. 

b)  Interstitial  case.-  Here  also  the  nearest  neighbour  appro  i- 
matlon  with  T^  symmetry  gives  the  LVM  under  representation.  Using 

the  theory  of  Brice  adapted  for  this  case  gave  a  force  constant 
between  interstitial  and  the  host  atom  first  neighbour  around 
3.8468x  10*  dynes/cm  as  against  6.0x10*  dynes/cm  be teen  Cd  andTe. 
The  inclusion  of  the  second  neighbours  did  not  alter  the  situation 
very  Mich. This  reveals  that  the  1VM  mode  can  be  accounted  in  an 
interstitial  configuration  with  a  weaker  force  constant  between 
the  defect  and  the  first  neighbour.  This  is  what  one  expects 
for  a  lighter  impurity.  In  order  to  throw  more  light  we  have  also 
computed  the  LVM  modes  due  to  the  additive  impurities  of  Ga,In 
and  Al  in  both  these  configurations. 


c)  Substituted  P  defect  paired  with  Ga.In  and  Al.-  Ue  assume  P  to 
Te  site  with  Ga,Ih  or  Al  going  in  any  one  of  the  4  neighbouring 
Cd  sites.  We  have  now  2  LVMs  associated  with  P  centre  due  to  the 
redaction  of  the  point  symmetry . Using  the  fitted  force  constants 
from  isolated  substitutional  oases  the  LVMs  are  calculated  for 
this  configuration. However  in  these  cases  also  one  noticed  Al-Te 
Ga-Te  interactions  to  be  larger  than  Cd-Te  interaction. 


d)  Interstitial  P  defect  paired  with  substitutional  Pa. In  and  Al.- 
The  interstitial  P  atom  is  assumed  to  be  surrounded  by  4  Cd  atoms 
one  of  which  is  now  ..e  placed  by  Ga, In  or  Al.  Now  as  in  (c)  knowing 
P-Cd  interaction  from  isolated  interstitial  cake  and  interaction 
of  the  type  Ga-Xe  from  isolated  substituioaal  case  and  Pa-P 
interaction  from  crystal  data  of  GaPpthe  modified  LVM  frequencies 
are  calculated. 

3«£s«&tfand  conclusions.-  The  results  art  summarised  in  Table  1. 
A  perusal  of  the  results  indicate  that  for  the  paired  case  the  LVMs 
are  satisfactorily  accounted  for  by  both  the  configurations. 

But  ws  should  bear  in  mind  that  for  tbe  substitutional  cases, 
one  encountered  unusually  large  force  constants  for  cd-P, 

Oa-fe  and  Al-Te .  Sven though  for  these  lighter  impurities, 

due  to  the  fact  that  Ortun  III  or  V  elements  enter  in  cats! 
one  exjwcts  some  long  range  coulomb  contributions  ,  still  euch 
extreme  force  constant  changes  of  74#  are  unexpected.  Taken 
from  this  angle  if  on#  looks  st  the  interstitial  results. 
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Table  1. 


System 

Calculated  LVM  frequencies  Expt 

^  in  cn"^ 

Substitutional  (Interstitial 

P"GaCd 

318.97 

318.92 

301.5 

349.21 

345.97 

352.5 

357.5 

*“InCd 

308.99 

322.4 

305 

345.97 

352.7 

531.5 

p”A1cd 

399.98 

352.72 

430.36 

420. 

23  - 

the  pair  nodes  are  fairly  well  explained  with  a  weaker  P-Cd 
Interaction,  Thus  we  feel  that  P  nay  go  to  the  interstitial 
site  rather  than  to  a  substitutional  site.  A  recent  calculation 
by  Vandevyer  and  Talwar  for  substitutional  configuration  also 
gave  a  negative  re suit. But  they  had  not  considered  the  case  of 
the  interstitial  configuration.  More  data  fron  experimental  studies 
such  as  fron  Raman  scattering  would  be  highly  desirable  to  throw 
nore  light  on  the  P  defect  configuration  in  CdTe. 
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RESONANT  RAMAN  SCATTERING  IN  Ti02 

J.  Caaassel,  B.  Gil,  P.  Merle,  H.  Mathieu  end  J.  Pascual* 
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Hontpellier-Cedex,  France 

* Universitat  Autbnoma  de  Barcelona,  Bellaterra,  Barcelona,  Spain 

Abstract.  -  One  investigates  the  resonant  behavior  of  Raman  active  phonons  in 
TiO,  for  incident  laser  energies  ranging  between  2.0  and  2.75  eV.  One  finds 
the  ehhancement  to  be  dominated  by  the  quadrupolar  interaction. 


TK>2  (rutile)  is  a  wide  band  gap  semiconductor  which  belongs  to  the  sym¬ 
metry  group.  The  fundamental  absorption  edge  has  been  well  characterized  from 
experiments  performed  at  liquid  helium  temperature^.  The  result  of  both  experiments 
and  theoretical  calculations^  concerning  the  ordering  of  electronic  energy  levels 
at  the  center  of  the  Brillouin  zone  is  schematically  drawn  in  Fig.  1.  The  lowest 
absorption  edge  is  associated  with  a  first-order  forbidden  quadrupolar  interaction. 
Dipole-allowed  transitions  correspond  to  perturbations  wijh  r  ' 2  (E//c)  and  r'5  (EJ_c) 

symmetry,  respectively.  If  one  refers  to  the  crystallographic  directions,  the  polarise- 

( 3) 

bility  tensor  of  the  first-order  non-resonant  Raman  process  corresponds  to 


XX 
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We  have  studied  the  resonant  scattering  tuning  the  incident  phonon  energy 
close  to  the  exciton  energy  of  the  fundamental  gap .  In  this  case,  of  the  six  terms 
contributing  to  the  scattering  probability  per  unit  time^  one  becomes  the  strongest 
compared  to  all  other  terms  which  can  appro xiamted  by  a  constant  C.  Thus,  in  reso¬ 
nant  Raman  scattering  (RRS)  the  scattering  probability  is  written  as  : 


P  (wj,  m#)  ^ 


t 


<x1  |Hs|k>  <k  |h2|j  >  <j|H1jr1> 


("k 


w#)  («j  -  Uj) 


(«1 


as  -  R  ) 


where  |r^>  corresponds  to  the  unperturbed  ground  state  of  the  crystal  ;  and 

are  the  exdton-radiation  and  exciton -phonon  interactions,  respectively  ;|j>and|k> 
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denote  intermediate  states  in  which  excitations  are  created  in  the  solid  ;  la  the 

energy  of  the  incident  (scattered)  light,  Q  the  energy  of  the  phonon  and  the 

energy  of  the  intermediate  state. 

All  experiments  have  been  performed  using  previously  described  techniques^. 

The  incident  propagation  was  along  the  c  axis ,  the  collected  one  along  a.  All  incident 

frequencies  were  provided  by  i)  an  argon-ion  laser,  ii)  a  C.W.  dye  laser  using  R6G  in 
o 

the  range  5700-6000  A,  iii)  a  pulsed  dye  laser  pumped  by  1  MWatt  nitrogen  laser. 

r„(A,  )  :  76  meV/612  cm  ^  Raman-line 
-Ig - 


The  most  resonant  electronic  process  first  includes  the  creation  of  a  direct  exciton 
in  an  excited  state  of  symmetry  jj  =  r  j>  by  means  of  a  quadrupolar  interaction  H ^  (r^j) . 
The  exciton  is  next  scattered  to  the  exciton  ground  state  jk  =1^  >  by  the  phonon. 
Finally  the  exciton  anihilates  by  quadrupolar  interaction  ( r^)  s  Other  processes  in¬ 
volving  two  dipolar  interactions  from  the  ground  state  to  higher  excited  states  with 
symmetry  r^,  are  far  from  resonance.  The  scattering  probability  is  then  given  by  : 


p  <  v 


<ril  H3(  V  lr3>  4*3 1  h2  (y  <r3|H1 

(1.05  +0.076  -  httj)  (3.05  -  ttoj) 

ytyr^l  ry>  <rg|  h?  (r^  iy  |y 

(5.  +  0.076  *  tutf  (5.  -  fettj) 


Near  resonance 


P(Alg) 


(3.05  ♦  0.076  -  (3.05  -  ht^)i 


V  2 

The  solid  line  in  Fig. 2  has  been  calculated  using  A  =0.16  and  accounts  satisfactorily 
for  the  dispersion  of  experimental  cross  section. 


rs(Eg) 


56  meV/449  cm  1  Raman-  Ine 


The  different  excitation  processes  involve  different  immediate  states.  Two  of 
them  are  summarized  in  the  expression  of  the  scattering  probability  j 

P  (E  )  *  [  <ri 1  »3  01 5«>  lr5>  <r5  K  <r5>  I r  3>  <r  3  I (r^) I  fl  > 

8  k  (5  +0.056  (3.05  -  tWj) 

*  J, ^  r  5^  ^  S1^  5'  ^5'i.) .  Irl>  ^"1  * 

'*  -  *  (5  ♦  0.056  -  ho,)  (5  -  ho,)  J 

The  first  contribution  is  Setai  reSonant  (only  one  energy  denoadnatnr  can  dels)  and  the 
second, is  not.  Then  the  scattering  probability  can  be  written  : 

?  u 

P(E_)  'V"~ 

)*  0.05 -fieJ2  *?  ;  > 
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The  solid  curve  in  Fig.  3  has  been  calculated  using  =  1.75  and,  again,  compares 
satisfactorily  with  the  experimental  results. 

r3(Blg)  :  18  meV/143  cm"1  Raman-line 

We  did  not  find  a  process  which  permits  the  enhancement  of  phonons  with  sym¬ 
metry  Fj  with  quadrupolar-allowed  transitions.  The  allowed  process  with  lowest  exciting 
energy  includes  two  dipolar  interactions  with  excited  states  of  symmetry  Tl,  : 

<ri  |h3  (rs,x)  |  r5,>  <r5,|  h2  (r3)|  r5,>  C5,  |h3  (t^)|  ^  > 

(5-tiUj)  (5  -  h<iij) 

in  agreement  with  experimental  data,  the  solid  line  in  Fig.  4  displays  a  negligible 
dispersion  in  our  range  of  investigation 
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THE  LOW  FREQUENCY  ABSORPTION  OF  GALLIUM  PHOSPHIDE  INDUCED  BY  IMPURITIES 
AND  RADIATION  DAMAGE 

G.A.  Gledhill*,  S.S.  Kudhail*,  R.C.  Newman**,  J.  Woodhead**and  G.Z.  Zhang*  M 

*  Westfield  College,  University  of  London,  Kidderpore  Avenue ,  London  NWZ  7ST, 
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Abstract . -  Irradiation  of  GaP  by  fast  neutrons  or  2MeV  electrons  induces  infra¬ 
red  absorption  corresponding  to  acoustic  modes  in  the  density  of  vibrational 
states.  The  dependence  on  radiation  dose  of  other  absorption  lines  induced  just 
above  and  just  below  the  Reatstrahlen  band  is  examined.  Observations  of  prev¬ 
iously  unreported  lines  in  the  gap  mode  region  are  presented;  lines  at  253cm-1 
and  304cm-1  being  assigned  to  Si  impurity  on  Ga  sites  and  a  B  impurity  complex 
respectively. 

Absorption  on  the  high  frequency  side  of  the  Reststrahlen  band  in  GaP  induced 
by  impurities  and  radiation  damage  has  been  investigated  in  some  detail;  however, 
relatively  little  work  has  been  done  at  lower  frequencies.  In  the  spectral  region 
|  just  below  300cm-1  gap  modes,  attributed  to  B  and  As  impurities  and  to  radiation  dam¬ 
age  defects,  have  been  observed  (1,2)  and  in  the  region  of  low  density  of  states  just 
above  the  TA  phonon  cut-off  an  absorption  band  due  to  a  B  resonance  has  been  reported 
at  158cm-1  (3).  (These  features  are  present  in  spectrum  (b),  Fig.l.). 

In  this  paper  we  report  the  results  of  infrared  absorption  measurements  at  80K 
S  in  the  spectral  range  30-700cm-1  on  20  bulk  GaP  samples  prepared  and  examined  by  in- 
terferometric  techniques  described  in  (3).  The  samples  contained  various  combinations 
of  impurities  including  B,Si,C,Al  and  As  and  all  but  one  had  been  irradiated  byeither 
2MeV  electrons  or  fast  neutrons.  The  interpretation  of  the  spectra  was  difficult  for 
the  following  reasons:  a  very  limited  range  of  samples  was  available;  all  the  samples 
contained  at  least  two  impurities  and  had  bean  irradiated  with  a  dose  sufficient  to 
render  then  transparent  making  it  difficult  to  determine  which  features  arose  from 
damage  and  which  arose  from  the  various  impurities ;  the  samples  were  too  thick  to 
measure  tbs  strengths  of  strong  lines  accurately  but  not  thick  enough  to  measure  the 
weakest  lines;  many  of  the  lines  overlapped,  weaker  ones  fell  on  or  near  strong  lines, 
with  the  result  that  some  of  the  line  strengths  were  estimated  from  unresolved  feat¬ 
ures.  The  best  measurements  of  line  strengths  bad  an  error  estimated  at  10%  but  for 
the  reasons  just  stated  some  had  an  error  of  50% 

In  addition  to  the  lines  due  to  As  (273cmrl )  and  B  (284cm-1),  features  were  ob¬ 
served  at  23%,  253,  264,  279,  283,  294,  299,  304,  316  and  323cm-1.  The  lines  at  279,316, 
and  323cm-1 were  present  in  all  samples  and  are  attributed  to  two-phonon  lattice  bands. 


*  On  leave  from  Dept,  of  Physics,  Zhongshan  University,  Guangzhou,  China 
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The  line  at  253cm-1  (Fig.l  spectrum  (c))  was  observed  only  in  samples  containing  Si 
impurity.  Its  strength  was  correlated  with  that  of  the  line  at  465cm-1  and  was  not 
correlated  with  any  lines  arising  from  other  defects,  leading  us  to  conclude  that  the 
feature  at  253cm-1  is  a  gap  mode  arising  from  the  impurity  centre  2,Siga.  The  streng¬ 
th-ratio  of  the  local  mode  to  gap  mode  is  3:1  for  2,Siga  compared  with  2:1  for 
10  +  11  ®Ga '  we  assume  that  any  gap  mode  associated  with  the  impurity  centre  27A1^ 

has  approximately  the  same  strength-ratio  with  respect  to  the  A1  local  mode  (444cm-1), 
then  the  failure  to  observe  any  feature  in  the  gap  which  can  be  correlated  with  A1 
leads  us  to  speculate  that  for  this  impurity  centre  no  mode  rises  from  the  acoustic 
branch.  In  fact  the  asymmetric  shape  of  the  Si  gap  mode,  consistent  with  its  proxim¬ 
ity  to  the  LA  cut-off,  suggests  that  the  Si  mode  is  scarcely  able  to  rise  from  the 
continuum.  The  comparison  is  not  unreasonable  since  the  2SSiQa  local  mode  has  a  high¬ 
er  frequency  than  the  a7AlQa  local  mode  even  though  Si  has  the  greater  mass. 


Fig.l.  The  one-phonon  density  of  states  in  Gap  at  300K  calculated  by  Kune  et  al.(4) 
(Histogram),  Infrared  absorption  spectra  measured  at  1cm-1  resolution  at  80K  of  (a) 

yore,  un irradiated  GaP( . ),  deduced  from  measurements  on  numerous  samples,  (b)  a 

Gap  crystal  containing  B,As,C  and  Si  impurities  and  irradiated  with  a  dose  of  101* 
electrons  ( - )  and  (c)  polycrystalline  GaP  sample  containing  Si  and  C  and  irrad¬ 

iated  with  4xlOla  electrons  (-  -  — ). 

Radiation  damage  causes  lattice  deformation  which  lowers  the  crystal  symmetry 
enabling  previously  forbidden  absorption  processes  to  occur.  In  particular  one-phonon 
absorption  is  no  longer  restricted  to  the  optic  mode  region  as  in  the  undamaged  cry¬ 
stal  so  it  is  expected  that  radiation  damage  will  induce  absorption  similar  in  struct¬ 
ure  to  the  one-phonon  density  of  states  in  the  acoustic  node  region  as  reported  by  us 
previously  for  GaAs  (S).  This  indeed  occurs,  as  shown  in  Fig.l  spectrum  (b),  where 
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the  band  at  234cm-1,  present  in  all  samples  subjected  to  either  electron  or  neutron 
irradiation, is  attributed  to  one-phonon  absorption  corresponding  to  the  LA  branch  of 
the  density  of  states. 

Radiation  damage  is  known  to  induce  other  features  in  GaP  including  the  three 
lines  at  419.5,  429.0  and  430.5cm-1  (designated  P(l)  lines)  on  the  high  frequency  side 
cf  the  Reststrahlen  band  (6)  and  the  lines  at  294  and  299cm  1  on  the  low  frequency 
side.  We  find,  for  a  range  of  samples,  that  all  these  features  increase  linearly  in 
strength  with  radiation  dose  up  to  the  limit  imposed  by  our  measuring  techniques. 
Furthermore ,  the  P(l)  lines  increase  linearly  in  strength  with  radiation  dose  for  a 
given  sample.  We  conclude  that  the  P(l)  lines  and  the  lines  at  294  and  299cm  1  involve 
intrinsic  radiation  damage  defects  only  but  the  nature  of  the  defects  is  not  yet  det¬ 
ermined. 

The  line  at  304cm-1  was  present  only  in  samples  which  both  contained  B  and  had 
been  exposed  to  a  substantial  dose  of  radiation.  It  increased  in  strength  with  radi¬ 
ation  dose  but  its  strength  showed  no  correlation  with  the  strength  of  the  lines  aris¬ 
ing  from  B  impurity  on  Ga  sites,  suggesting  that  it  originated  from  a  B  impurity  com¬ 
plex.  Due  to  the  presence  of  the  adjacent  line  at  299cm-1  induced  by  radiation  damage , 
it  was  difficult  to  measure  the  strength  of  the  304cm-1  line  accurately.  However, with¬ 
in  experimental  error,  the  strength  of  the  line  at  304cm-1  increased  linearly  with  the 
strength  of  the  local  mode  line  at  850cm-1  which  arises  from  the  B  impurity  complex 
designated  B(l)(7),  suggesting  that  the  304cm-1  line  also  originates  from  B(l).  The 
other  lines  observed  in  this  region(264  and  283cm-1 )were  found  to  be  sample  dependent; 
however,  due  to  the  weakness  of  these  lines  and  the  limited  availability  of  samples 
it  was  not  possible  to  make  assignments. 

Observations  such  as  these  of  different  modes  of  vibration  of  impurity  or  dam¬ 
age  centres  can  be  of  considerable  value  in  the  correct  formulation  of  theoretical 
models  as  opposed  to  the  conventional  attempts  to  adjust  model  parameters  to  fit 
local  mode  measurements. 

We  wish  to  thank  Dr.  D.R. Wight  of  RSRE(Halvem)  and  Hr.  B.H.L. Wilson  of  Plessey 
Research ( Caswell )f or  supplying  GaP  samples,  Mr.  A. Holman  for  help  with  electron 
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RESONANT  ENHANCEMENT  OF  THE  RAMAN  LINEWIDTH  OF  PHONON  MODES  INDUCED  BY 
HYDROSTATIC  PRESSURE 
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Abstract.-  It  is  shown  that,  under  special  circumstances,  the  pressure  can 
induce  in  the  RAMAN  spectrum  of  a  compound,  a  resonant  variation  of  the 
linewidth  of  modes. 

This  effect  can  be  interpreted  by  a  model  which  then  provides  the  value  of 
some  third  order  deformation  potentials  of  the  crystals. 


The  effect  of  the  hydrostatic  pressure  on  the  phonon  modes  linewidth  of  semiconduc¬ 
tors  is  studied.  Under  special  circumstances  this  linewidth  exhibits  a  resonnant 
behaviour  as  a  function  of  the  pressure.  Two  experimental  evidences  of  this  effect 
are  shown  in  the  Cu.jVS4  and  ZrS3  compounds.  This  effect  is  explained  by  the  evidence, 
induced  by  pressure  of  a  single  phonon  mode  and  a  double  phonon  structure. 

The  quasi  harmonic  approximation  introduces  a  complex  self  energy,  A  +  IT.  A,  a  small 
shift  of  the  harmonic  frequency  and  T  the  linewidth  characterize  the  anharmonicity. 
Two  different  kind  of  processes  involving  either  virtual  or  real  transitions  contri¬ 
bute*1^  to  this  self  energy.  Among  them,  only  those  which  deal  with  real  transitions 
give  a  contribution  to  r .  The  simplest  diagram  of  this  kind  represents  the  decay  of 
a  single  phonon  u>o  in  two  .  The  pressure  cannot  induced  by  itself  any  transitions 
between  the  different  states  of  the  system.  Then  it  is  expected  that  pressure  acts 
directly  on  A  but  not  on  r.  This  is  confirmed  by  the  majority  of  experimental  results. 
However  the  inspection  of  the  formalism  which  gives  r  for  the  process  described 
above,  shows  that  the  expression  can  become  resonant  when  u  is  closed  to  uij  +  a>2. 

Two  examples  of  such  a  resonance  have  been  studied  in  our  laboratory,  by  performing 
Raman  scattering  experiments  in  diamond  anvil  cells. 

The  first  one  is  that  of  the  Aj  mode  of  the  Cu3VS4  *2) .  (Figure  1) .  Around  20  kbars 
the  energy  on  the  A  mode  equals  the  sum  of  the  energies  of  the  two  lower  F2  modes 
and  the  .  inewidth  T  exihibit  a  resonant  enhancement.  The  figure  2  shows  the  exa^>le 
of  the  highest  frequency  Ag  mode  of  Zrs3  which  coinside  with  2  Bg  modes.  Notice  the 
concomittant  variation  of  the  frequency  in  both  cases. 
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Figure  2.  Variation  of  the  line- 
width  (a)  and  the  frequency  (b) 
of  an  Ag  node  of  ZrS^  as  a  func¬ 
tion  of  the  pressure. 


Figure  1 .  Variation  of  the  linewidth  (a)  and 
the  frequency  (b)  of  the  A  node  of  Cu^VS,  as 
a  function  of  the  pressure. 


The  theory  of  the  coupled  Raman  scattering 

can  be  performed  exactly  and  shows  that  if 

Vj  represents  the  strength  of  the  first 

order  Raman  effect,  V2  that  of  the  second 

order  Raman  effect  and  W  the  coupling 

betveg^  them, _ there  are  two  different  regimes: 

when  «-? —  the  enhancement  of  the  line- 

V2 

width  occurs  without  any  noticeable  asyme- 
try  in  the  observed  peak .  This  is  the  case 
for  £he  two  examples  we  are  dealing  with. 

If  — -  «  -  -°-  —  the  asymetry  is  effective 
*2  2 

and  explains  probably  the  line  shape  of  the 
TO  mode  of  GaP .  In  the  absence  of  such  an 
asymetry  the  experimental  results  on  r  can 
be  easily  interpreted  and  fitted  by  the 
expression  : 


r(»o(P)) 


± 


(nj  +  n2  +  1)  x 


y  +  b  (u  -  Uj  -  u>2) 
2  2 

(w  -  uij  u2)  *  r 


t  characterizes  the  strength  of  the  enhar¬ 


monic  potential  for  this  process,  y  the  width  of  the  double  phonon  structure  and  b 
the  asymetrlc  parameter  for  the  density  of  states  of  the  double  phonon  structure. 

4,  y  and  b  are  fitted  to  reproduce  the  experimental  variation  of  r  (fig.  la  and  2a). 
When  the  fit  is  correct,  the  Kramers  Kronig  transformation  of  this  analytical 
expression  should  also  fit  the  variation  of  the  frequency  (fig.  lb  and  2b).  It  is 
also  checked  that  by  symetry  the  single  phonon  uQ  can  decay  into  the  two  phonons 
Uj  +  u>2  and  eventually  that  this  double  structure  is  experimentally  seen  indepen¬ 
dently  which  is  the  case  for  Cu^VS .  with  infrared  and  for  ZrS-  with  Raman 

(3)  ■*  *  J 

scattering  experiments 
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5  -4  4  a 

We  obtained  for  Cu^VS^  4=1.2  10  cm  b  =  0  and  for  ZrS^  ^  =  4  1 0  as  b  ■  0,45 

y  being  in  both  cases  of  the  order  of  the  sum  of  the  individual  linevidth  of  each 

phonon.  The  important  result  is  that  4  is  found  practically  pressure  independent. 

(41 

We  think  that  the  surprising  large  variation  of  4  with  pressure  found  for  GaP 
where  the  same  model  was  tentatively  applied  to  reproduce  the  experiments  is  just 
due  to  the  fact  that  this  model  should  not  reproduce  the  situation  for  GaP  where 
the  asymetry  of  the  lines  is  very  well  defined. 
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THE  ROLE  OF  PHONONS  IN  INCOMMENSURATE  PHASE  TRANSITIONS 

R.  Curcat 

Institut  Laue-Langevin,  156X,  38042  Grenoble  Cedex,  France 


Abstract.-  The  various  classes  of  incomnensurably-modulated  solids  are  reviewed 
with  particular  emphasis  given  to  the  case  of  insulators.  We  discuss  examples 
of  incommensurate  ordering  transitions  of  the  displacive  and  order-disorder 
types.  Below  the  ordering  temperature,  the  concepts  of  amplitude  and  phase 
susceptibilities  are  recalled.  Neutron  evidence  for  propagating  phase  modes 
in  biphenyl  and  ThBr^  are  presented. 


1.  Introduction.-  Over  the  last  few  years,  there  has  been  a  growth  of  interest  in 
incommensurably  modulated  structures  and  much  effort  has  been  devoted  to  the  charac¬ 
terization  of  their  static  and  dynamical  properties.  Typically,  incommensurate 
structures  are  stable  over  a  temperature  interval  bounded  by  an  upper  ordering 
temperature  T^  and  a  lower  "lock-in"  temperature  Tc>  Below  Tc  the  wavelength  of  the 
modulation  locks  onto  some  rational  fraction  of  the  underlying  lattice  periodicity. 
Deviations  from  the  above  prototypical  behaviour  are  numerous  :  some  systems  remain 
in  the  inconmensurate  state  down  to  OK  (e.g.  BaMnF^) ,  others  undergo  a  succession 
of  lock-in  and  unlocking  transitions  (e.g.  thiourea). 

The  two  transitions,  at  Tj  and  Tc,  are  markedly  different  in  nature  :  while 
the  transition  at  T^  has  a  well  defined  order  parameter  and  a  corresponding  diver¬ 
gent  susceptibility,  the  lock-in  transition  is  either  strongly  discontinuous  (no 
order  parameter)  or  may  correspond  to  the  disappearance  of  phase  defects,  depending 

(I  2) 

upon  the  symmetry  of  the  soft-mode  dispersion  around  the  commensurate  wavevector  ’  . 

In  what  follows  we  shall  be  concerned  with  the  dynamical  behaviour  of  systems  near 
their  ordering  temperature;  this  is  where  one  expects  to  observe  soft-modes  and 
consequently,  this  is  the  regime  which  experimentally  has  been  most  extensively 
investigated. 

From  a  microscopic  standpoint  it  is  important  to  distinguish  between  the  two 
different  types  of  ordering  mechanisms  which  occur  in  low-dimensional  metals  and  in 
insulators.  In  the  former  case,  the  inccmnensur ability  of  the  charge  density  wave 
(and  of  the  associated  lattice  distortion),  reflects  the  loco— insurability  cf  the 
Fermi  wavevector,  arising  from  non-stoichiometry  (as  in  KCF),  charge-transfer  (as  in 
TTF-TCNQ)  or  just  energy  band  structure  (as  in  the  transition  metal  dichalcogenides) . 

In  spite  of  their  electronic  origin,  Peierls  Instabilities  do  give  rise  to 
lattice  dynamical  precursor  effects,  usually  observed  as  a  local  Softening  of  the 
longitudinal  acoustic  branch,  in  the  vicinity  of  the  ordering  wavevector  2  kp. 


C6-694 


JOURNAL  DE  PHYSIQUE 


In  the  case  of  insulators,  a  case  which  shall  be  emphasized  below,  the  incommen¬ 
surate  ordering  must  be  viewed  as  originating  either  from  an  intrinsic  lattice  dyna¬ 
mical  instability  (displacive  limit)  or  from  some  collective  ordering  mode  (order- 
disorder  limit),  both  of  general  wevevector. 

2.  Soft-mode  behaviour  above  T..-  The  I29°K  transition  in  K^SeO,  is  one  of  the  best 
documented  incommensurate  transition  of  the  displacive-type.  Above  T^,  the  soft 
branch,  shown  in  Fig.  1,  displays  a  broad  temperature-dependent  minimum  in  the  vici¬ 
nity  of  -j  a*.  In  the  incotmsensurate  state  the  modulation  wavevector,  equal  to  0.31a* 

at  Tt,  increases  steadily  upon  cooling  and  eventually  locks  onto  the  commensurate 

a* 

value  5-  at  T  -  93  K. 

3  C 

Within  this  soft-mode  picture  the  incoamensurate  ordering  transition  appears 
simply  as  a  natural  extension  of  the  conventional  ferro-  and  antiferrodistortive 
transitions.  In  fact  it  is  well-known  that  in  the  presence  of  competing  interactions 
of  different  characteristic  ranges,  phonon  dispersion  curves  may  develop  local  minima 
around  arbitrary  wavevectors.  Furthermore  the  exact  position  of  such  minima  does  not 
in  general  provide  any  direct  insight  into  the  nature  of  the  competing  forces. 

As  an  alternative  approach  one  may  inquire  whether  there  exists  particular 
symmetry  criteria  associated  with  the  occurrence  of  modulated  phases.  For  instance, 
many  modulated  phases  originate  from  uon-syMorphic  space  groups  where  most  of  the 
special  zone-boundary  wavevectors  are  ruled  out  as  possible  candidates  for  a  lattice 
instability  on  the  grounds  that  they  do  not  fulfill  Lifshitz's  criterion.  In  phonon 
language,  this  criterion  reflects  the  fact  that  modes  propagating  in  high-symmetry 
directions  experience  a  pseudo-periodicity  which  is  shorter  than  the  lattice  perio¬ 
dicity.  This  leads  to  the  absence  of  gaps  at  the  corresponding  zone-boundaries,  i.e., 
in  a  reduced  zone  scheme,  to  pairwise  degeneracies  of  the  rone  boundary  modes.  Since 
the  merging  phonon  branches  are  no  longer  constrained  to  have  a  zero  slope,  any  zone¬ 
boundary  phonon  softening  leads  first  to  the  appearance  of  a  modulated  structure, 
with  a  wavevector  close  to  the  high-synsetry  zone-boundary  point.  This  type  of  mecha¬ 
nism  is  illustrated  by  systems  such  as  (NH4)2BeF4  ^  and  biphenyl^.  On  the  other 
hand  it  fails  to  account  for  the  occurrence  of  modulated  phases  with  wavevectors 

close  to  q  -  0,  as  in  NaNOj  ^  or 

ThioureaC?),  and  alternative  mechanisms 
(8  9) 

have  been  proposed  '  ’  ' ,  based  on  two¬ 
mode  interactions. 

Fig.  1  :  Dispersion  of  £_ mode 
branches  in  K2Se04  in  an  extended  zone 
scheme  (after  ref.  3). 

0  •*  .0 


%.  in  reduced  unite 
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In  the  specific  context  of  ionic  crystals,  it  is  customary  to  distinguish 
between  long-range  Coulomb  interactions  and  short-range  overlap  forces.  Thus  the 
requirement  of  competing  interactions  of  different  ranges  would  sees  to  be  systema¬ 
tically  fulfilled  in  the  case  of  ionic  crystals,  with  some  potential  insight 
to  be  gained  by  means  of  conventional  lattice  dynamical  modeling.  Following  this 
approach,  Haque  and  Hardy  ^ ^  have  investigated  the  microscopic  origin  of  the 
KjSeO^  soft-mode.  To  this  end  they  have  constructed  a  rigid-ion  model  of  H^SeO^  where 
the  (numerous)  short-range  force-constants  were  determined  using  static  equilibrium 
conditions  as  well  as  some  observed  Raman  frequencies.  On  the  basis  of  their  model 
they  were  able  to  reproduce  the  soft  ^“branch  iQ  the  [1,0,0]  direction.  The  soft 
branch  frequencies,  however,  were  obtained  as  differences  between  two  very  large 
terms  (with  almost  identical  q-dependences) ,  representing  the  Coulomb  and  short- 
range  contributions  to  the  dynamical  matrix,  respectively  (see  fig.  8  in  ref.  10). 
Because  of  this  large  cancellation  effect  the  soft  mode  minimum  around  appears 

as  accidental  and  no  simple  physical  picture  can  be  drawn  from  the  model.  Obviously, 
what  is  needed  is  a  simpler  ssidel  system. 

Before  closing  this  section,  one  should  mention  the  existence  of  systems  under¬ 
going  incomaensurate  order-disorder  transitions  as  illustrated  by  HaHOj  Above 

I64*C,  the  structure  of  NaNOj  is  disordered  with  respect  to  the  orientation  of  the 
NO2  groups  (parallel  or  antiparallel  to  b) .  Between  T^  ■  164  K  and  Tc  ■  I62.5*C  a 
modulated  structure  appears,  characterized  by  the  onset  of  an  orientational  probabi¬ 
lity  wave.  The  wave  appears  to  be  essentially  sinusoidal,  with  a  wavevector  varying 
smoothly  (,l)  between  and  .  Yamada  and  Yamada  (12*  have  shown  that  dipolar 

interactions  between  N0~  groups  would,  by  themselves,  favor  a  polarization  wave  of 
*  *  . 
wavevector  ^  .  This  value  represents  a  compromise  between  ferroelectric  and 

antiferroelectric  interactions  between  neighbouring  dipoles.  The  observed  value  of 

the  wavevector  results  from  an  additional  compromise  between  dipolar  forces  on  one 

hand  and  short  range  overlap  forces  on  the  other.  Yamada' s  model  is  however  not 

unique  and  a  rather  different  picture,  based  on  2  coupled  order  parameters  (polarize- 

(13) 

tion  and  shear  waves)  has  also  been  proposed  . 

The  ordering  transition  at  T^  is  characterised  by  a  critical  slowing— down  of 
the  polarization  fluctuation  and  no  soft-phonon  is  observed  as  is  typical  for  order- 
disorder  transitions. 

Finally  one  should  emphasize  that  just  above  the  ordering  temperature,  the 
dynamical  behaviour  of  displacive  systems  is  known  to  deviate  from  the  simple  soft- 
mode  model.  Due  to  coupling  with  defects  the  quasi-harmonic  soft-mode  frequency  is 
expected  to  level  off  while  a  narrow  quasielastic  ("central")  component  develops. 
Halperinend  Varma^*^  have  investigated  the  consequences  of  this  coupling  in  cases 
where  the  defects  are  slowly  relaxing  as  well  as  for  frozen  defects.  In  addition, 

Imry  and  Ma^^  have  pointed  out  that  in  systems  where  the  order-parameter  has 
continuous  sjmatry  (e.g.  the  Heisenberg  ferromagnet)  the  presence  of  frozen 
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impurities  is  such  as  to  destroy  long  range  order  at  any  temperature.  This  remark 
is  of  particular  relevance  here,  since  the  incommensurate  order  parameter  has  conti¬ 
nuous  phase  symmetry  and  since  local  defects,  whether  relaxing  or  frozen  in  the 
Kalperin  and  Tarma  sense,  will  to  some  extent  behave  as  frozen  defects.  Indeed  any 
defect  whose  energy  depends  upon  the  local  amplitude  of  the  distortion  will  either 
diffuse  towards  a  region  where  this  amplitude  is  optimized,  or  alternatively  distort 
the  phase  of  the  wave.  As  a  result  the  modulation  may  loose  its  long-range  phase 
coherence,  a  situation  which  may  seriously  affect  the  propagation  of  long-wavelength 
phase  modes  below  .  Analogous  arguments have  been  developed  in  the  context  of 
charged  impurities  interacting  with  a  CDW. 

3.  Excitations  below  T; .-  Despite  the  loss  of  translational  invariance  at  T£,  there 

is  experimental  evidence  for  the  existence  of  sharp  excitations  in  the  inconmensurate 

state.  At  the  moment  there  is  no  general  theoretical  framework  within  which  these 

excitations  may  be  discussed.  Most  of  the  current  work  is  aimed  at  clarifying  the 

way  in  which  the  soft  branch  renormalizes  below  T- .  Using  the  simplest  kind  of 

l/|£\ 

quasi-harmonic  approximation,  one  may  readily  show'  7  that  the  condensation  of  the 
soft  mode  coordinates  Q(q^)  and  Q(-q^)  induces  a  bilinear  coupling  between  the  neigh¬ 
bouring  coordinates  Qiq^+q)  and  Qi-qj+q).  The  near-degeneracy  between  the  latter 
coordinates  is  lifted  by  the  interaction  term  and  in  the  limit  of  small  q,  two  new 
normal  modes  emerge  : 

(Q(q.*n)  ♦  Q(-q£+q)) 

(QUj+q)  -  QC-qj+q)) 

Expanding  the  soft-node  dispersion  (T  >  1\ )  in  powers  of  q  : 

^(iq^q)  -  a(T-T.)  ♦  q  J  q  +  0()q|3>  (la) 

the  dispersion  laws  for  the  new  normal  modes  are  obtained,  to  leading  order  in  q. 


2a(T.-T)  ♦  q 


(lb) 


<*>^(q)  •  q  A  q 
.(■«) 


(Ic) 


Bruce  and  Cowley  7  have  discussed  the  limit*  of  validity  of  the  above  picture  and 
the  extent  to  which  the  two  new  normal  modes  can  be  identified  with  fluctuations  in 
the  amplitude  and  phase  of  the  frosen  wave,  respectively. 

On  the  experimental  side  many  attempts  have  been  made  at  testing  those  simple 
predictions.  In  principle  both  q  *  0  modes  may  be  observed  hy  means  of  light  scatter¬ 
ing.  While  this  would  seem  fairly  obvious  in  the  case  of  the  (totally  synsatric) 
amplitude  mode,  a  rather  more  careful  analysis  is  required  in  so  far  as  the  Brillouin 


.T  '  .  vZ"*  -v 
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activity  of  the  phase  mode  is  concerned^' ^) .  In  practice  attempts  to  observe  the 
amplitude  mode  by  Raman  scattering  have  been  generally  successful,  whereas  Brillouin 
measurements  of  the  phase  aside  in  systems  such  as  K2Se04  and  BaMnF^  have  yielded 
negative  or  controversial  results^'®' .  Fortunately  there  are  at  least  two  systems 
in  which  a  propagative  phase  mode  could  be  observed  by  means  of  inelastic  neutron 
scattering. 

The  first  such  system  is  deu- 
terated  biphenyl,  a  molecular 
crystal  which  undergoes  a  dis- 
placive  transition  at  Ti  •  38K 
into  a  modulated  structure, 
followed  by  a  partial  lock-in 

transition  at  Ttt  »  2IK.  The 
(201 

best  inelastic  results  have 
been  obtained  in  phase  III 
(below  T^) ,  where  the  wave- 
vector  of  the  modulation  is 
e^ual  to  j  (1  -  S^b*  with 
*  0.07. 

Fig.  2  :  Energy  scans  for  different  reduced 
wavevectors  along  a*  in  phase  III  of  biphenyl 
(after  ref.  20). 

Fig.  2  shows  some  of  the  observed  spectra  as  a  function  of  wavevector  in  the  a” 
direction.  The  observed  excitation  is  unambiguously  identified  as  a  phason  since  : 

i)  its  intensity  is  too  large  for  it  to  be  an  acoustic  branch  originating  from 
the  (2,  0.536,  0)  satellite  reflection. 

ii)  its  slope  is  lower  by  a  factor  't  2  compared  to  the  slope  of  the  lowest  energy 
acoustic  mode  propagating  in  the  a*-direction,  and  agrees  well  with  the  corres¬ 
ponding  soft  mode  dispersion  above  T^  (cf.  eq.  la  and  lc). 

The  ocher  system  is  ThBr^  which  has  a  tetragonal  (D^®>  space  group  in  the  high- 
temperature  phase  (cf.  Fig.  3)  and  becomes  incovensurate^1 )  below  Tj  •  95  K,  with 
the  modulation  wavevector  along  the  4-fold  screw-axis  : 

-  0.31  C  * 

q.  is  found  to  be  independent  of  temperature  and  no  lock-in  transition  was  detected 
at  least  down  to  IOC.  Above  Tj,  one  observes  temperature-dependent  softening  of  a 
low  lying  optic  branch  (see  Fig.  4). 

(22) 

The  analysis  of  the  room  temperature  infra-red  and  Raman  spectra  together  with 
the  satellite  reflection  extinction  rules,  allows  the  symsetry  assignment  at  the 
soft  optic  branch  (t*  in  Kovalev's  notation)  to  be  made.  The  soft-mode  eigenvector 
consists  of  a  simple  linear  combination  of  B^-type  and  Bjg-type  bromine  motions. 
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Fig.  3  :  Structure  of  ThBr,  at 
room  temperature. 


Fig.  4  :  Soft  node  diaperaion 
in  ThBr^ 


the  Thoriua  iona  remaining  at  reat.  Thus,  while 
the  high-temperature  atructure  can  be  character- 
rised  in  terma  of  only  3  paraaetera  (c/a  ratio, 
x  and  z  coordinate*  of  one  Broaine  ion),  the 
deacription  of  the  ionic  displacement*  below  T\ , 
in  the  a  ingle  plane-wave  approximation,  requires 
only  3  additional  parameters  (wavevector,  ampli¬ 
tude  and  B)u/B2g  ratio). 

Fig.  5  ahowa  inelastic  spectra  obtained  at 
81  K  near  the  (2,3, 1-q^)  satellite  reflection. 
The  lower  branch  is  too  intense  by  2  orders  of 
magnitude  to  be  of  acoustic  origin.  Pig.  6  shows 
the  experimental  dispersion  curves,  which 
summarize  the  81  K  data.  In  both  propagation 
directions,  i.e.[0,0,£]and  [25  ,  3?,  0],  the 
observed  slopes  are  in  excellent  agreement  with 
the  soft  mode  dispersion  above  T^. 


Fig.  5  :  Constant  Q-scans  for 
wavevectora  along  e*  (ThBr 4;  81  K) 


Fig.  6  :  Phase  and  amplitude  mode 
diaperaion* in  ThBr 4.  Acoustic 
modes  measured  near  (2,3,1) 
are  shown  for  comparison. 
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Fig.  7  :  Inelastic  spectrum 
at  (2,3,0.57)  as  a  function 
of  temperature. 


Fig.  7  shows  the  evolution  of  the  spectrum  at 
(2,3,l-qi-C)»  with  £  »  0.12,  as  S  function  of 
temperature  :  whereas  the  upper  mode  frequency 
hardens  upon  cooling,  as  expected  for  an 
amplitude  mode,  the  lower  mode  remains  essen¬ 
tially  unchanged  both  in  frequency  and  strength. 

4.  Conclusion.-  While  the  dynamics  of  incommen¬ 
surate  phase  transitions  is  rather  well  under¬ 
stood  above  Tj,  many  questions  remain  open 
regarding  the  nature  and  observability  of  the 
soft  excitations  below  T£.  One  of  the  important 
unsolved  questions  concerns  the  role  of  defects 
and  the  way  in  which  they  affect  the  phase 
coherence  of  the  incommensurate  wave.  By  analogy 
with  the  Heisenberg  f  erromagnet  ,  where  long- 

wavelength  magnons  are  found  to  be  most  affected 
by  the  lack  of  long  range  order  above  the  Curie 
point,  we  expect  long-wavelength  phasons  to  be 
the  most  sensitive  to  the  lack  of  long-range 
phase  coherence 
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Abstract . -  Phenomeno logical  Raman  tensors  for  phasons  and  aapli- 
tons  in  the  incommensurate  phases  of  biphenyl  are  derived.  The 
former  are  shown  to  be  negligibly  small  when  compared  to  the 
normal  ampliton. 


1.  Introduction.-  Biphenyl  crystallizes  in  the  P2i/a  space  group.  At 

T£  ”  38  K  ,  a  displacive  second  order  phase  transition  leads  to  an  in¬ 
commensurate  structure  (Phase  II),  characterized  by  a  distortion  with 
wave  vectors  ±  qi  -±  1  b_*  ( I  -  6**)+  §*  6a]  and/or  t  »±qi  *  S*  6*. 

The  distortion  along  s*  locks  in  (Phase  III)  at  21 K  ,  but  that  along 
b,*  never  does.  An  acoustic-like  phason  has  been  detected  in  phases  II 
and  III  by  neutron  scattering1  but  only  the  corresponding  ampliton(s) 
have  been  seen  by  light  scattering,  even  far  below  Tj  .  He  shall  show 
that  this  negative  result  for  the  phason2  is  predictible  from  intensity 
considerations . 

2.  Light  scattering  in  displacive  incommensurate  phases  (summary).  - 

The  theory  of  light  scattering  by  amplitons  and  phasons  has  been 
recently  developed3  for  the  case  when  the  star  of  qo,  the  static 
modulation  wave  vector,  contains  only  ±  q«  .  The  basic  idea  is  that 
1st  order  Raman  scattering  in  the  incommensurate  phase  can  be  viewed  as 
the  continuation  of  a  high  temperature  2°d  order  process  involving  the 
two  soft  phonons  at  and  -  <|»  ,  one  of  them  becoming,  below  T£  , 

the  static  distortion  (with  amplitude  n) •  The  starting  point  is  thus 
the  corresponding  Reman  tensor  Rjj(Jc)  where  j  labels  the  soft 
phonon,  with  normal  coordinate  Qj^  ,  in  the  vicinity  of  ±  qi  . 

Taking  into  account  the  symmetry  properties  of  the  ampliton  and  phason 
eigenvectors,  as  well  as  the  temperature  variation  of  the  frequency  of 
those  excitations,  the  light  scattering  intensities  turn  out  to  be 
proportional  to  iot  the  ampliton,  and 


n| 


"T 

1!  J 
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for  a  phason  propagating  along  3  ;  the  symmetry  of  the  preceding 
tensors  are  those  of  second  and  third  rank  tensors  in  the  group  of  qo. 

3.  Application  to  biphenyl.  -  The  preceding  theory  directly  applies  to 
phase  III.  One  must  extend  it,  in  phase  II,  because  the  star  of  qo 
contains  four  vectors.  One  starts  from 


E  -  0)§(|qJ  I2  -  IqJ  !2)  ♦  |  <|Q;!  P  ♦  IqM4)  +  YlQi .  1 2 1 . 


with  »  co 2  ( T  -  T^).  For  T  <  ,  two  different  phases  are  possible 

(cf.  Table).  Extending  F  in  the  vicinity  of  ±  qj  and  ±  q2  ,  one 
obtains  the  dynamics  of  the  four  lowest  frequency  excitations: 

-  if  4y2  >  82,  the  distortion  involves  only  qi(or  q2);  one 
phason  and  one  ampliton  are  1st  order  Raman  active,  while  two  degene¬ 
rate  modes,  localized  around  ^(or  cjj )  are  only  2n(l  order  Raman 
active . 

-  if  4y2  <  82,  the  distortion  involves  and  q2  ;  it  exists 

two  uncoupled  phaaons  and  two  coupled  amplitons  (cf.  Table).  The  un¬ 
coupled  phason  and  ampliton  Raman  tensors  are  the  same  as  above,  but 
they  involve  now  qi  and  •  and,  when  4--2  <  62  ,  the  coupling 

between  the  amplitons  must  be  dealt  with.  As  qi  and  q2  are  in  the 
vicinity  of  b^/2  ,  one  may  expand  these  tensors  in  series  of  6_  and 
take  into  account  the  Czj,  symmetry  of  Jb*/2. 

The  final  results  appear  in  the  table.11  For  both  phases,  the 
phason  tensors  are  proportional  to  some  cartesian  coordinate  of 
(expressed  in  reduced  units)  as  well  as  to  r|  :  this  leads  to 
integrated  intensities  typically  smaller  by  a  62  factor  than  that  of 
the  normal  ampliton,  while  Sa  <  0.08.  This  factor  becomes  64  when 
c-  sparing,  for  4y2  <  B2  ,  the  two  amplitons. 
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Table .  -  Phases  II  and  III  low  frequency  excitations.  First  two 
columns:  static  distortion  amplitudes  in  phase  II  for  (j_i  and  c^2  • 
Last  four  columns:  eigenvector  for  each  excitation  (above)  and 
corresponding  Raman  tensor  (below)  .  The  same  results  for  the  phase  III 
excitations  appear  in  the  lower  part  of  the  table  . 


-  VT  lQJi  + 


2*  +  S, 


±  QJ 


i  +  q. 


Ba6yc 


SR 


3qY3qE 


qo 


A  indicates  no  1st  order  Raman  scattering.  Each  tensor  belongs  to  the 
unity  representation  of  the  C2jj  point  group. 
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Abstract  An  excitati  presenting  the  characteristics  of  a  phason  has  been 
observed  in  the  incommensurate  phases  of  biphenyl  using  a  cold  source  triple¬ 
axis  neutron  spectrometer. 

Dynamics  of  incommensurate  phases  are  expected  to  display  a  number  of  novel  featu¬ 
res.  As  a  consequence  of  the  continuous  broken  phase  symmetry  new  hydrodynamic-like 
excitations  appear,  the  phase  modes  or  phasons,  with  a  vanishing  frequency  in  the  long- 
wavelength  limit.  In  this  paper  we  report  upon  the  observation  by  inelastic  neutron 
scattering  of  excitations  in  the  incommensurate  phases  of  biphenyl  which  exhibit  all 
the  characteristics  of  a  phason. 

Biphenyl  undergoes  a  displacive  structural  phase  transition  due  to  a  molecular  con¬ 
formation  instability  with  respect  to  a  torsional  angle  between  the  planes  Of  the  phe¬ 
nyl  rings  | 1 • * | .  In  the  high  temperature  phase,  the  soft  mode  is  located  around  the  B 
(0, 1/2,0)  zone  boundary  point.  Hie  space  group  P2j/a  is  non-symmorphic  and  at  the  B 
point  the  Lifshitz  condition  is  not  satisfied  :  two  torsional  modes  which  are  degene¬ 
rate  at  the  zone  boundary  come  in  with  opposite  but  finite  slopes  |  • 3 | .  On  the  lower 
soft  phonon  branch  the  minimum  is  away  from  the  B  point.  In  fact,  two  low  temperature 
inc  dome  ns  urate  phases  are  observed  in  biphenyl  PI.  In  phase  II,  which  exists  between 
TJ;I  *  21  K  and  T^.  »  38  K  (deuterated  sample) ,  the  wave  vectors  characterizing  the  in¬ 
commensurate  modulation  are  »  ±  a*  ±  1/2 ( 1—6^)  b*  (fig.l)  ;  no  higher-order  sa¬ 
tellites  could  be  observed  in  this  phase.  At  a  partial  lock-in  phase  transition 

in  the  a*  direction  takes  place  and  below  T  the  satellite  location  becomes 


±  l/2(l-«b)b»  (fig.l) 


in  this  phase  III,  we  have  been  able  to  measure  higher- 
*1 


order  satellites  up  to  third-order  |*|.  The  variations  of  5#  and  with  temperature 

cure  small  /  6^  lies  between  0.04  and  0.05 
(phase  II)  and  is  zero  below  T^,  while  6b 
falls  in  the  range  0.07-0.085  (phases  II 
and  III) .  Unlike  many  other  insulating  mate¬ 
rials,  the  biphenyl  incommensurate  modula¬ 
tion  subsists  at  least  down  to  1.6  K.  nils 

Z±SL_  _1 Location  of  satellite  reflections 

in  the  incommensurate  phases  of  biphenyl. 


Hill 
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static  behaviour  is  in  agreement  with  the  anisotropic  shape  of  the  soft  mode  disper¬ 
sion  surface  :  the  minimum  is  well  pronounced  in  the  b#  direction  while  in  the  a*  di¬ 
rection  the  dispersion  curve  is  flat  |l*2|.  It  is  also  interesting  to  notice  that  the 
soft  mode  becomes  overdamped  only  close  to  the  transition  temperature. 

The  study  of  the  dynamics  of  the  incoomensurate  phases  was  performed  on  the  triple¬ 
axis  spectrometer  IN  12  installed  at  the  cold  source  of  the  ILL. 

We  have  observed  low-energy  excitations  in  phases  II  and  III  | * | .  Figure  2  shows 
energy-scans  for  different  reduced  wave  vectors  q  along  the  a*  direction,  near  a  sa¬ 
tellite  reflection  at  10  K.  The  inelastic  peaks  are  well  measured  both  for  neutron 


Fig-  2  Knergg-acana  for  dif format  reduced  wave  v motors  q  along  the  a*  direction 
in  phase  III  (10  K) . 

energy-loss  and  energy-gain.  The  dispersion  of  this  excitation  is  found  to  follow  a 
linear  law  originating  at  the  satellite  reflection  with  a  slope  much  lower  than  that 
of  the  lowest  acoustic  aodas.  The  different  sound  velocities  have  been  obtained  from 
law  temperature  Brlllouin  measurements  |*|.  In  addition,  the  figure  3  shows  energy- 
scans  performed  under  the  same  experimental  conditions  and  corresponding  to  the  same 
reduced  wave  vector,  but  one  near  a  satellite  reflection  and  the  other  one  near  an  in¬ 
tense  main  Bragg  reflection.  The  difference  between  the  excitation  and  the  transverse 
acoustic  mode  is  clearly  seen.  Moreover,  the  observed  dispersion  slope  looks  within 
experimental  uncertainties  identical  to  that  of  the  soft  phonon  branch  in  the  hi^i 
temperature  phase  (fig. 4) .  In  the  b*  direction  an  ambiguity  subsists  because  both 
slopes  are  similar  to  that  of  an  acoustic  branch.  However,  the  observed  intensity  of 
inelastic  peaks  is  much  too  Strong  to  be  related  to  an  acoustic  phonon  scattering  but 
is  in  agreement  with  that  observed  in  the  a*  direction. 

All  these  features  strongly  suggest  that  the  excitation  we  have  observed  is  a  pha- 
son  t  this  represents  tits  first  direct  experimental  observation  of  such  a  mods. 
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Fig.  3  Inelastic  peaks  near  a  satellite 
reflection  (below)  and  a  main  Bragg  reflec¬ 
tion  (above). 

the  experimental  energy  range  limited  by 
the  use  of  cold  neutrons  did  not  allow  us 
to  observe  the  amplitude  mode  which  frequen¬ 
cy  should  be  higher  according  to  tile  Raman 
scattering  results  | 7 | . 


Fig.  4  Dispersion  laws  for  the  soft 
mode  at  38  K  (above)  and  the  phason  at 
10  K  (below).  Both  scales  are  homothetic 


One  reason  explaining  our  observation  of  a  phason  in  biphenyl  might  be  the  fact  that 
material  remains  incomaensurate  even  down  to  1.6  K.  thus  the  experiment  could  be  per¬ 
formed  at  very  low  temperature  where  the  damping  is  small.  Moreover  the  system  oust 
stay  far  away  from  a  complete  "devil's  staircase"  regime  which  can  appear  on  approa¬ 
ching  a  commensurate  lock-in  transformation  with  no  phasons  at  zero  frequency  ( * | . 
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ON  THE  MODE  SOFTENING  IN  SnTe  AND  PbTe 
D.  Strauch  and  U.  Schroder 

Inetitut  fllr  Theoretiscke  Phyeik,  Universititt  Regensburg,  D-8400  Regensburg, 
P.R.G . 


Abstract.-  The  softening  of  the  TOlT)  Mode  in  SnTe  and  PbTe  with  decreasing 
temperature  is  analyzed  in  terms  of  a  shell  nodel  with  a  non-linear  polar¬ 
izability  of  the  Te  ion.  The  simultaneous  stiffening  of  the  elastic  constants 
drastically  influences  the  results. 


1.  Introduction.-  Ue  have  investigated  the  teMperature  dependence  of  the  T0(O  mode 

frequency  in  the  narrow-gap  materials  SnTe  and  PbTe.  These  Modes  become  nearly  soft 

at  low  temperature.1'^  This  is  opposed  by  the  overall  stiffening  of  the  elastic 
3  4 

constants  '  with  decreasing  temperature.  Tracing  this  different  behaviour  back  to 
the  different  quantities  involved  in  the  elastic  and  optical  properties  one  is 
primarily  led  to  the  different  kinds  of  deformations  of  the  electronic  distribution. 

For  example,  the  phonon  dispersion  curves  in  SnTe"*  and  PbTe6  have  been  analyzed 
in  terms  of  a  shell  model.  This  model  involves  the  dipolar  deformabi lity  of  the  ions 
which  (at  q  =  0)  influences  only  the  optical  frequencies  but  not  *.he  elastic  con¬ 
stants.  To  account  for  a  temperature-dependent  polarizability  in  perovskite  crystals 
a  non-linear  intra-ionic  force  constant  was  introduced  by  ttigoni  et  al.2  A  simpli¬ 
fied  model  has  been  discussed  in  Refs.  8  and  9. 

Another  indication  towards  a  temperature-dependent  polarizability  stems  from 
the  shell-model  expressions  for  the  L0  and  TO  mode  frequencies  at  q  *  0, 

i«2  *  [R^- X-y-  Z'2/(1-Xy|m)]  e2/v,  (1) 

with  the  reduced  mass  y,  effective  force  constant  Rg,  effective  charge  l',  elec¬ 
tronic  polarizability  a,  unit-cell  volume  v=  2rg,  and  X  *  1  or  -2  for  the  TO  and  L0 
frequency,  respectively.  Kith  numbers  for  PbTe  taken  from  Ref,  8  one  finds  Rg*16.9, 
Z'  *  0.59,  (4n/3v)a*  0.91,  and  thus 

i*i>20  =  16.9  +  1.0  *  17.9,  *  16.9  -  15.8  ■  1.1  (in  units  of  e*/v). 

Thus  PbTe  (and  similarly  SnTe)  seems  to  be  close  te  the  (electronic)  polarization  ca¬ 
tastrophe,  the  connection  of  which  to  soft  modes  was  first  pointed  out  by  Cochran.10 
The  fact  that  a  small  variation  in  a  has  a  much  larger  effect  on  M^g  than  on  u^g  is 
in  accordance  with  a  relatively  weak  changO  of  u^g  with  temperature  in  FbTe.2 

2.  Theory.-  In  the  present  case  the  contribution  from  the  intra-ionic  potential  of 
the  Te  ion  is  of  the  fora  (a  *  x,y*z) 
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V  = 


-75  k2"a  + 


1  ..  .4  1  r,  k  2  2 

4!  5  k4wa  8  5e  h4wa"& 


(2) 


where  w  is  the  relative  shell-core  displacement. 

To  first  order  in  the  anharmonicity,  one  obtains  the  renormalized  force  constant 


k  =  k2  ♦  7<V2h4Xw£> 


(3) 


replacing  k^  in  the  shell-model  equations,  in  particular  in  Rg,  Z',  and  a  in  eq.  (1). 
The  brackets  <• ..>  denote  the  thermal  average. 


3.  Results.-  The  equations  of  the  shell  model  and  eq.  (3)  have  to  be  solved  self- 
consistently.  From  the  observed1'2  values  of  we  have  determined  k  and  <w2>  as  a 
function  of  temperature  and  have  taken  their  expected  linear  relationship,  eq.  (3), 
as  a  test  of  the  model.  Indeed,  most  of  the  data  fall  on  a  straight  line,  see  Fig.  1 
(curves  c^  =  const),  given  by 

k  =  109.4  (1+  -1(270*  120)  <w2>/r^)  e2/v  for  SnTe  (T^IOO  K>, 

(4) 

k  =  37.9  (14-j  (100  *  30)  <w2>/Tq)  e2/v  for  PbTe  . 
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Since  the  variation  of  the  intra-ionic  force  constant  k  turns  out  to  be  very 

small  it  seems  necessary  to  investigate  the  change  of  the  inter-ionic  force  con- 

3  4 

stants  as  obtained  froa  the  elastic  constants.  '  The  simple  procedure  of  according¬ 
ly  changing,  for  example,  AC12),  B(12),  and  A(11)  +  A(22)  (in  the  notation  of  Refs.  5 
and  6)  does  not  seea  to  be  a  step  in  the  right  direction:  The  linear  relationship 
between  k  and  <w^>  is  largely  lost,  see  Fig.  1  (curves  c.j*  const),  and  the  temper¬ 
ature  variation^  of  for  q  =  0.1  (1,1,1)  n/a  has  the  wrong  sign.  Changing  another 
reasonable  set  of  parameters  leads  to  similar  conclusions. 

4.  Discussion.-  It  seems  that  a  very  small  non-linearity  in  the  Te  polarizability  is 
able  to  describe  the  TO  aode  softening  in  SnTe  and  PbTe  but  that  there  is  at  present 
no  model  to  consistently  account  for  the  temperature  dependence  of  the  optical  and 
acoustical  modes.  Right  now  we  can  only  speculate  about  ways  out  of  the  dilemma: 

(a)  The  approximation  given  by  eq.  (3)  may  be  insufficient.  In  the  next'order  decay 
processes  are  added  which  render  the  self-energy  depending  on  temperature  and  fre¬ 
quency;  they  complicate  matters  in  that  they  lead  to  a  non-local  k.  Possibly  the  po¬ 
tential  (2)  has  to  be  augmented  by  higher-order  terms,  (b)  The  elastic  constants  and 
their  temperature  dependence  may  be  at  least  partially  due  to  deformabi lities  not 
contained  in  the  shell  model  used. (c)  A  microscopic  treatment,  when  interpreted 
in  shell-model  terms,  may  lead  to  temperature-dependent  charges. 

Acknowledgements.-  He  are  grateful  to  W. Kress  for  supplying  us  with  the  shell-model 
program. 
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PRESSURE  DEPENDENCE  OF  THE  COUPLED  OPTIC  AND  ACOUSTIC  MODES  NEAR  THE 
FERROELASTIC  TRANSITIONS  OF  LaP50l4 

G.  Errandonca 

C.N.E.T.,  196  rue  de  Paris,  92220  Bagneux,  France 


Abstract.-  We  report  a  thorough  Raman  and  Brillouin  scattering 
study,  under  high  hydrostatic  pressure,  of  the  coupled  soft-optic- 
acoustic  modes  of  ferroelastic  LaPsOi4  in  order  to  clarify  the 
unusual  positive  pressure  dependence  of  the  transition  temperatu¬ 
re  ;  dTc/dp  =+  21.75  ±  0.25‘C/kbar. 


Lanthanum  pentaphosphate  undergoes  a  second  order  ferroelastic 

transition  (mmm  -*■  2/m), at  Tc  =  125®C  at  atmospheric  pressure, with  no 

change  of  the  translation  symmetry.  This  "proper*  transition  is  driven 

by  a  soft  zone  center  optic  mode  which  is  linearly  and  strongly  coupled 

12  3 

to  a  soft  acoustic  mode  '  '  .  The  influence  of  a  hydrostatic  pressure 
on  this  coupled  modes  system  has  been  investigated  using  Raman 
(0-2  kbar,  20-200°C)  and  Brillouin  (0-3  kbar,  20-300°C)  scattering 

experiments.  More  detailed  informations  are  given  in  references  4  and  5. 
The  temperature  and  pressure  dependences  of  the  squared  velocity  v 

and  frequency  to  of  the  respective  soft  acoustic  and  optic  modes  are 
plotted  on  figures  1  and  2. 

The  main  effect  of  the  pressure  is  to  shift  upward  the  transition 
temperature  Tc  which  can  be  determined  with  an  accuracy  of  ±  0.5  K  or 
i  0.4  R  from  respective  Raman  and  Brillouin  measurements,  on  fig. 3,  we 


Fig".  1  s  Temperature  and 
pressure  dependences 
of  pv2  of  the  soft 
acoustic  mode.  Dashed 
line  :  fit  of  the  for¬ 
mula  (l)  with 
A  »  3.62  10®Nm-2K_1 
and  g  *  0.0062  K-1 
Continuous  line  :  fit 
of  the  phenomenologi¬ 
cal  model  of  referen¬ 
ce  3. 
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TABLE  X.  :  Values 9of  the  coefficients  of  formulas  (1)  and  (2)  used  to 
fit  Raman  and  Brillouin  measurements. 


Raman  data 

Brillouin  data 

mmm 

(kfar) 

(*6>  (&-') 

(cm-tr'l) 

( 1 08Nm"2ir 1 )  ( 1  o^r- 1 ) 

0 

125.61* 5  19.7  1*1 

2.4H*>2 

125.51*5 

3.69±*15 

rmm 

2.381* 3 • 

1 

147.81* s  19.751*2 

2.361*15 

147.41** 

3.671*1 3 

m 

2. 431*55 

2 

169.21*5  19.8  1*2 

2.391*22 

169.21*5 

3.571*°* 

l 

2.261*2* 

3 

-  - 

— 

190.71*5 

3.551*1° 

mm 

2.381*3* 

can  see  that  Tc  linearly  increases  with  the  pressure  with  a  slope  : 


dTc/dp  =  21.75  ±  0.25  KAbar. 

This  value  is  signif icatively  smaller  than  the  one  obtained  by 

6  A* 

Asaumi  on  NdPg014  (dTc/dp  38  K/kbar)  with  a  less  accurate  high  pres¬ 
sure  technique  but  it  is  close  to  the  partial  Raman  measurements  per¬ 
formed  by  Peercy7on  La0  5NdQ  (dTc/dp  ^  18  K/kbar) .  It  also 

agrees  with  the  thermodynamic  Ehrenfest  formula  which  leads  to 

dT  /dp  =  18.9  K/kbar  using  the  Landau  free  energy  of  the  transition 

c  3 

whose  coefficients  are  numerically  known 

This  phenomenological  model  2  provides  also  an  interpretation  of 
our  experimental  data.  In  particular  v  and  w, in  the  prototype  phase, 
are  given  by  : 

pv2  =  C„  -  A(T-Tc(p))/ [l+g(T-Tc(p)>]  (1) 

and  w2  =  ta»02+a(T-Tc(p>)  (2)  with  g  =  a/ui02  <3) 

Our  measurements  have  been  fitted  to  these  formulas  with  the  coeffi¬ 
cients  given  in  table  I.  They  appear  to  be  pressure  independent  or 
very  slightly  so. 

As  noticed  by  Samara  8,  the  positive  sign  of  dT^dp  is  exceptional 
for  a  transition  driven  bv  a  soft  zone  center  optic  mode. 

A  decomposition  u>  between  a  temperature  independent  harmonic 


FIG. 2  :  Temperature  and  pressure  dependences 
of  the  soft  optic  mode  squared  frequency 


PIG.  3  s  Pressure  depen¬ 
dence  Of  the  transition 
temperature  leading  to 
dTc/dp»  +21.75±025KAbar 
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contribution  and  an  anharmonic  one  shows  4  that  the  transition  tempe- 

T_  =  (u>„2  -  <Dw2)/a  (4) 


rature  is  given  by  :  Tc  =  (“0  ~  %  )/* 

The  negligible  pressure  dependence  of  ui0 
the  strong  coupling  between  the  soft  optic  mode  and  the  ferroelastic 


rules  out  the  role  of 


shear  as  a  possible  cause- of  this  unusual  behaviour. 

Writing  as  the  difference  between  positive  short  range  inte¬ 
ractions  and  negative  long  range  ones  8,  leads  4  in  the  most  favoura¬ 
ble  case  to  dTc/dp  *v  +1  K/kbar,  an  order  of  magnitude  smaller  .than  the 
experimental  value. 

By  contrast,  a  decrease  of  only  4.5  %/kbar  of  the  a  coefficient 
in  formula  (2)  is  needed  to  induce  the  required  shift.  Though  our  ex¬ 
perimental  data  did  not  detect  any  change  of  a,  such  a  decrease  could 
be  consistent  with  our  experimental  uncertainties.  Accurate  measure¬ 
ments  performed  at  higher  pressures  are  needed  to  confirm  this  possi¬ 
bility. 


REFERENCES 

1.  J.F.  Scott,  Perroelectrics.  20,  69  (1978) 

2.  G.  Errandonfia ,  J.  Sapriel,  Solid  State  Comm.  29,  601  (1979) 

3.  G.  Errandonda ,  Phys.  Rev.  B21,  5221  (1980) 

4.  G.  Errandonta,  H.  Savary,  Phys.  Rev,  B24,  (ler  AoOt  1981) 

5.  G.  Errandonda,  H.  Savary,  Proceedings  of  rMP5,  (State  College  1981) 
to  be  published  in  Perroelectrics. 

6.  K.  Asaumi,  S.  Kojima,  T.  Nakamura,  J.  Phys,  Soc.  Jpn.  48,1298  (1980) 

7.  P.S.  Peercy,  Proceedings  of  the  High  Pressure  ana  Low  Tetrpe 
Physics  Conference  (Plenum,  New  York,  1978)  p.  279 

8.  G.A.  Samara,  Comments  Solid  State  Phys.  8,  13  (1977) 


irature 


JOURNAL  DE  PHYSIQUE 

Collogue  C6 ,  supplement  au  n°12 ,  Tome  42,  d&oembre  1981 


page  C6- 7 1 3 


LATTICE  INSTABILITIES  AND  PHASE  TRANSITIONS  IN  FLUORIDE  PEROVSKITES 

R.  Geick,  H.  Rauh,  N.  Lehner*,  J.  Bouillot*,  W.G.  Stirling*  and  G.  Heger** 
Physik.  Institut  Univereitaet  Wuerzburg,  Roentgenring  8,  V-8700  Wuerzburg, 

p.r.  a. 

*  ILL,  F-S8042  Grenoble,  France 
** IAK1,  Kemforeohungszentrum,  D-7S00  Karlsruhe,  F.R.G. 


Abstract 

One  of  the  Main  differences  In  the  physical  behavior  between  KMnF3  and  KZnF3 
is  that  the  former  shows  structural  phase  transitions  while  the  latter  does 
not.  He  have  measured  the  phonon  dispersion  of  both  materials  by  means  of  in¬ 
elastic  neutron  scattering  at  room  temperature.  In  addition,  we  have  found  an 
anomalous  temperature  dependence  of  the  R^5  and  Mj  modes  In  KZnF3,  which  are 
the  modes  softening  in  the  phase  transition  of  HMnF3.  This  result  Indicates 
that  there  Is  a  tendency  towards  a  phase  transition  In  all  fluoride  perovs¬ 
kites  and  favours  the  model  of  the  dlsplaclve  character  of  this  phase  tran¬ 
sition. 


He  have  measured  the  phonon  dispersion  of  the  fluoride  perovskites  KMnF-j  and  KZnFj 
by  means  of  Inelastic  neutron  scattering  at  ILL,  Grenoble,  France  and  at  Kemfor- 
schungszentrum  Karlsruhe,  FRG,  at  room  temperature.  Our  results  are  shown  In  Fig.  1. 

The  experimental  data  are  analyzed  and  completed  by  lattice  dynamical  shell  model 
calculations.  Our  model  was  originally  develloped  by  Cowley  /!/  and  Stirling  III .  The 
number  of  adjustable  parameters  could  be  reduced  to  6  by 

1.  keeping  the  ionic  charges  fixed  to  ±e,  +2e,  respectively; 

2.  making  use  of  the  electronic  polarizabilities  given  by  Tessmann  et  al.  /3/s 

3.  calculating  the  force  constants  of  the  short  range  interaction  between  K+  -  F"  and 


F“  -  F"  by  means  of  Interionic  potentials  /4,5,6/. 

He  would  like  to  point  out  that  a  good  fit  could  be  obtained  with  physically  reason¬ 
able  values  for  all  fitting  parameters: 


1 

short  range  force  constant  (N/m) 

K-F  Me-F  F-F 

Aj  ®1  dy  By  Aj  Bj 

shell  charge  (e) 

K  Me  F 

shell -core  force 
constant  (N/m) 

K  Me  F 

WrF, 

KZnF^ 

12.15  -1.12 

17.09  -1.64 

iiiim 

bees 

llifillltl 

Measuring  the  phonon  dispersion  of  WtnF3  and  KZnFj,  we  have  provided  an  experimental 
basis  for  further  theoretical  considerations  concerning  enharmonic  effects.  In  this 
context,  theoretical  work  on  phase  transitions  Is  of  special  Interest,  for  example 
the  contribution  of  hard  and  soft  phonon  nodes  to  the  Raman  cross  section  of  Raman 
active  herd  Modes  which  have  been  used  to  study  precursor  order  In  WnF3  Al/. 
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[Y.O.O]  [M.O  ]  [  1.1.1  ] 


Fig.  1:  Phono*  dispersion  of  WnFj  (upper  pert)  and  KZnF3  (lower  pert)  for  the  aaln 
syaaetry  directions  [9,0,0] ,  [<p,<p,0l  and  [9,9,9].  The  symbols  +,*,x  represent 
experimental  data  gained  by  Inelastic  neutron  scattering.  For  the  sake  of 
completeness  we  have  also  drawn  the  low  energy  phonons  Measured  by  other 
groups  /7,8/,  and,  at  r,  the  phonon  frequencies  obtained  by  FIR  spectroscopy 
(l:A.  T:  ♦)  /9,10/ .  The  solid  and  broken  lines  distinguish  between  phonon 
dispersion  curves  of  different  syaaetry,  as  calculated  with  our  shell  Model. 

As  It  Is  well  known,  the  and  Mg  Modes  are  the  ones  which  show  an  anoaatous 
teapergture  dependence  and  becooe  soft  at  the  phase  transition  teaperature  In  KMnF^. 
Studying  the  sane  aodes  In  KZnFj,  where  no  structural  phase  transition  Is  observed, 
we  have  found  a  slallar  anoaalous  teaperature  dependence  (cf.  Fig.  2)  like  In  WnFj. 
The  essential  difference  between  mnF3  and  KZnFj  is  not  qualitative,  but  quantitative, 
namely  the  anoaalous  teaperature  dependence  In  J9fnF3  is  so  strong  that  the  frequency 
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Fig.  2:  Temperature  dependence  of  the  squared  frequency 
of  the  Rjjj  mode  in  KZnFg. 


of  the  Rj5  mode  approaches  zero  at  the  phase  transition  temperature,  while  it  would 
approach  zero  for  T<0  in  KZnF^.  This  shows  that  there  seems  to  be  a  tendency  towards 
an  instability  against  octahedra  rotations  in  all  fluoride  perovskites  regardless 
whether  they  undergo  a  phase  transition  of  not.  This  result  confirms  the  dlsplacive 
character  of  the  phase  transition. 

References 

/l/  R.A.  Cowley,  Phys.Rev.  134,  A  981  (1964) 

/2/  W.G.  Stirling.  J.Phys.C  5,  2711  (1972) 

/V  J.R.  Tessmam,  A.H.  Kahn,  and  H.  Shockley.  Phys.Rev.  92  ,  890  (1953) 

/4/  M.J.L.  Sangster  and  R.N.  Atwood.  J.Phys.  C  11,  1541  (1978) 

IS/  C.R.A.  Cat low,  K.N.  Diller.  and  M.J.  Norgett,  J.Phys.  C  10,  1395  (1977) 

/6/  C.R.A.  Cat low,  N.J.  Norgett,  and  I.A.  Ross,  J.  Phys.  C  10,  1627  (1977) 

Pf  K.  Gesi,  J.O.  Axe,  G.  Shirane,  and  A.  Linz,  Phys.Rev.  B5 ,  1933  (1972) 

It/  M.  Rousseau,  J.V.  Gesland,  B.  Hennion,  G.  Heger,  and  B.  Renker, 

Sol.  State  Comm.:  to  appear  (1981) 

191  C.H.  Perry  and  E.F.  Young,  J.Appl.Phys.  38  ,  4616  (1987) 

/ 10/  J.O.  Axe  and  6.0.  Petit,  Phys.Rev.  157,  453  (1967) 

/ll /  A.D.  Bruce,  M.  Taylor,  and  A.F.  Hurray,  J.Phys.C  13,  483  (1980) 


Yj 


JOURNAL  DE  PHYSIQUE 

Collogue  C6,  supplement  au  n°12 ,  Tome  42,  ddcembre  7981 


page  C6- 7 1 6 


LOCK-IN  TYPE  PHASE  TRANSITION  IN  KFeF4 

A.  Maciel  and  J.F.  Ryan 

Clarendon  Laboratory,  University  of  Oxford,  Oxford ,  U.K. 


Abstract.  -  The  Raman  spectrum  of  KFeF^  reveals  a  low  frequency  phonon  which 
softens  as  the  temperature  is  raised  towards  a  phase  transition  near  390K. 
Whereas  the  softening  is  incomplete  the  intensity  decreases  continuously  but 
rapidly  near  Tc  and  the  mode  is  not  observed  at  higher  temperatures.  A 
symmetry  analysis  shows  that  it  may  be  a  lock-in  type  transition. 


KJTeF^  has  a  layer  structure  composed  of  sheets  of  corner-sharing  PeF~  octa- 
hedra  separated  by  K  .  The  structure  is  related  to  the  tetragonal  TIAIF^  structure 
but  differs  from  it  in  that  the  stacking  order  along  c  shows  alternate  layers  dis¬ 
placed  relatively  by  b/2.  These  structures  are  of  great  interest  from  a  dynamics 
point  of  view  because  of  their  intrinsic  instability  against  librational  modes  of  the 

FeF,  octahedra.  For  example,  CsFeF,  shows  a  series  of  cell-doubling  phase  transi- 

*  -  (1)  (2) 

dons  involving  staggered  rotations  of  the  FeF^  groups  .  Heger  et  al  have  found 

that  at  anient  temperatures  the  octahedra  in  KFeF.  are  not  fully  aligned  but  are 

!  7  ** 

tilted  about  b  to  give  the  orthorhombic  D_.  (Anaa)  structure  shown  in  Figure  1. 

(3)  Zn 

Recently,  Hidaka  et  al  found  an  additional  superlattice  caused  by  rotations  of 
the  octahedra  about  a  and  staggered  along  b;  this  structure  is  no  longer  centred  and 

13  ~  — 

the  space  group  (Pane)  was  proposed.  A  second-order  transition  between  these 

two  phases  was  reported  to  occur  at  Tc-3fi8K^.  In  this  paper  we  present  Raman 
scattering  evidence  for  this  transition  and  discuss  a  classical  Landau  model  which 
shows  that  the  transition  is  an  example  of  a  lock-in  type  between  phases  which  would 

otherwise  be  separated  by  an  incommensurate  phase. 

Raman  spectra  were  obtained  from  small  flux- 

grown  samples  over  a  range  of  temperatures  up  to 

500K,  above  which  surface  degradation  occurred. 

At  room  temperature  the  spectrum  is  found  to  be 

considerably  more  complex  than  that  expected  from 

the  structure,  but  the  data  are  insufficient 

to  test  the  dIj|  proposal.  Very  intense  features 
-1  *"  -l 

at  210cm  and  220cm  can  be  assigned  to  uniform 
librational  modes  of  the  FeF^  groups  sbout  the  b 
and  a  sms  respectively.  At  lower  energies  we 
observe  the  spectrum  shown  in  Figure  2.  The 
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to  to 


105  cm-1  line,  which  appears  strongly  ia  nr 

i  33 

and  acc  spectra,  is  not  very  temperature 
j  3,*l!  dependent;  it  is  observed  quite  clearly 
i  above  the  transition  and  is  apparently  not 
/  involved  in  the  transition  mechanism.  The 
j  lowest  energy  line,  which  is  also  strong  in 

/  344  k 

aaa  and  c»cc  spectra,  is  not  very  temperature 
dependent,  except  that  near  390K  its  inten¬ 
sity  decreases  rapidly  and  it  is  not  obser¬ 
ved  at  higher  temperatures.  The  third  mode 

which  appears  in  a,  ,  is  highly  temperature 
21SK  bb 

dependent  as  shown  in  Figure  3;  near  T  '*> 

(Tc  -  20K)  it  merges  with  the  lowest  line, 

and  as  T  is  approached  both  lines  disappear 
•157  K  • 

rapidly  but  apparently  continuously.  An 
interaction  between  the  two  modes  is  expec¬ 
ted  on  symmetry  grounds,  but  we  observe 
i  neither  a  clear  transfer  of  intensity  between 

modes  nor  a  strong  level  repulsion.  These 


Fig.  2:  Temperature  dependence  of  the  „  . 

—  -  „  _ „c  effects  may  however  occur  very  close  to  the 

spectrum  of  KFeF^. 

transition  where  we  are  unable  to  resolve  the  modes  clearly. 

The  change  of  symsetry  which  occurs  at  Tc  is  consistent  with  a  phonon  insta¬ 
bility  at  the  critical  wavevector  k  -  (J,t,o).  The  star  of  this  vector  has  two 
components,  ±  k^,  and  the  order  parameter  has  two  components:  Qj  “  Q2  “  (A/^exp  i$ 
where  A  represents  the  amplitude  and  4  the  phase  of  the  structural  modulation.  The 
thermodynamic  free  energy  for  this  system  can  be  expressed  in  terms  of  A  and  4  as: 


G  »  Gq  ♦  Ja(T-Tc)A2  +  uA^  +  vA^  (cos44)  (1) 

where  we  have  included  only  terms  up  to  fourth  order  in  A.  Applying  the  usual  sta¬ 
bility  criteria  leads  to  the  following  set  of  structures  for  T  <  Tc: 


♦o  “  n1,/2 
♦o  -  (2n+l)*M 


(n  -  0,1, 2, 3) 
(n  -  0,1, 2, 3) 


There  are  two  distinguishably  different  structures;  the  solution  v  <  0,  4-0  co- 

13  (3)  ° 

r responds  to  the  proposed  structure 

The  frequency  of  the  doubly-degenerate  soft-mode  obtained  from  (I)  is: 


„o  -  x  “  «<T-Tc),  T  >  Tc 

In  the  ordered  phase  the  frequencies  are:- 
«,2  -  X,*'  -  2a(Tc-T),  T  <  T, 
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Wa  -  xA  -  -4va(Tc-T)/(u+v),  T  <  T,  (3b) 

ijjt  appears  in  the  spectrum;  transforms  as  and  is  not  Raman  active. 

Since  the  critical  wavevector 
does  not  lie  at  the  zone  centre  or 

100] - ■ - ■ - ■ - - - - - — 

the  zone  boundary  there  is  no  symmetry 

condition  requiring  the  soft  mode 

dispersion  branch  to  have  a  minimum 

at  k  “  k_.  For  a  second-order  phase  g»o  ***  ■  •  . 

transition  this  minimum  will  in  gen-  \  '  • , 

eral  be  close  to  k  so  that  an  in-  v 

~c  •*». 

commensurate  phase  occus;  at  a  lower  .  * 

to  *  <  ‘ 

temperature  lockmg-in  of  the  criti¬ 
cal  wavevector  to  may  occur.  In 

_ _ _  .  _C.  ,  _  .  200  tOO  (00 

KFeF^  there  is  no  evidence  for  an  in-  tehpebatuse  (ki 

termediate  incommensurate  phase  (al¬ 
though  there  is  a  difference  between  Fig.  3;  Temperature  dependence  of  the  low  fre- 

the  values  of  T  obtained  here  and  in  quency  phonons  in  KFeF^. 

c 

(3)).  In  this  sense  the  transition  in  KPeF^  can  be  regarded  as  a  direct  locking-in 
to  the  cotmensurate  phase.  This  requires  the  fourth  order  Umklapp  term,  v,  in  (1) 
to  dominate  i.e.  |v|>u,  which  causes  the  transition  to  be  first  order.  The  data 
presented  here  suggest  that  the  transition  is  sharp  although  possibly  continuous. 
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GRUNEISEN  PARAMETER  AND  DEFORMATION  POTENTIALS  OF  RAMAN  ACTIVE  MODES 
IN  RUTILE  STRUCTURE  COMPOUNDS 


J.  Pascual  ,  J.  Camassel*  ,  P.  Merle*  and  H.  Mathieu* 

Universitat  autbnoma  de  Barcelona,  Bellaterra,  Barcelona,  Spain 

*  University  des  Sciences  et  Techniques  du  Languedoc,  C.E.E.S. ,  U.S.T.L.,  34060 
Montpellier-Cedex,  Prance 

Abstract.  -  We  report  a  systematic  calculation  of  the  shear  deformation  poten¬ 
tials  and  mode  Grunelsen  parameters  associated  with  the  first  order  Raman 
active  modes  of  XO and  YF,  rutile  compounds. 


Many  X02  dioxydes  where  X  stands  for  Pb,  Ge,  Sn  or  Ti  and  YF2  difluorides  with 
Y  =  Mg,  Mn,  Zn,  Fe,  Ni  or  Co  crystallise  in  the  rutile  structure.  Usual  selection 
rules  show  that  r  ,  (A;  ) ,  I"3  (Bj  ) ,  (B  )  and  T  (E  )  lattice  modes  are  first-order 
Raman-active.  Their  energy  is  given  by  the  dynamical  equation  : 


vm 

2 

e 


Ri  + 


(1) 


H  corresponds  to  the  :jbort  range  interaction  and  includes  bond  stretching  and 
bond  bending  effects  O) ,  while  Q  summarises  all  Coulomb  contributions.  Various 
experiments  associate  to  r  (B  )ia  soft-mode  behavior.  In  an  attempt  to  understand 
this  softening  we  undertaken  onqT10,  a  series  of  experimental  studies  under  uniaxial 
stress!1).  We  completed  this  by  theoretically  computing  all  deformation  potentials 
associated  with  the  syimaetrized  components  of  the  deformation  tensor  (?)  : 


All) 


i 


+  Afij) 


]- 


(%  +  e«5 


(2) 


Bt  +  bi 


+  !® 


yy 


)  * 


*y 


The  results  showed  that  the  softening  of  the  T  (B.  )  Raman-modes  comes 
directly  from  the  angular  displacement  associated  with  this  pure  rotation  mode.  Using 
a  simple  rigid  ion  model  (RIM)  and  neglecting  the  stress  induced  change  in  the  long 
range  Coulomb  interaction,  one  computed  far  TiOj  deformation  potentials  in  qualitative 
agreement  with  the  experimental  data  *2) • 


In  this  work- we  extend  the  experiments  to  Mgr,  and  report  new  calculations 
performed  for  Mgr,,  MnF,,  ZnF_,  CoF_,  T10,,  SnO,  and  GeO,.  All  results  are  smnarind 
in  table  1.  In  order  torender  the  comparison  meaning full,  we  systematically  use 
the  farce  constants  between  first-nearest  neighbors  listed  by  Strlefler  and  Barsch 
for  difluorides (3)  and  dioxydes!4)  «nd  assume  a  Born  potential  r-5  for  both 

aeries  of  compounds.  Ns  lastly  include  the  change  in  long-range  'interaction. 


Sxper imental  results  permeat  to  collect  8  deformation  potentials  for  MgF, 
and  TiO,.  In  both  cases, T.  and  r  which  stiffen  versus  pressure  exhibit  negative 
deformation  potentials  while  r  which  softens,  has  positive  ones.  The  calculation 
satisfactorily  reflects  these  results.  Moreover  it  indicates  that,  within  a  family, 
all  experimental  values  should  be  roughly  independent  of  the  cation.  For  instance  we 
compute  deformation  potentials  a.  t,  -  1000  cm-’  for  the  dlfluoridea  and  *  -  1450cm-1 
for  the  dioxydes.  All  series  of  parameters  reflect  qualitatively  similar  trends. 
Concerning  I".,  the  calculation  shows  that  the  softening  comes  from  the  lack  of  resto¬ 
ring  forces  between  the  two  anions  associated  with  the  bond  3-4.  This  is  the  only 
one  to  experience  a  stretching  effect  during  a  rotation  of  anions  around  the  C  axis. 


C6-720 


JOURNAL  DE  PHYSIQUE 


To  some  extends,  f5  can  also  be  viewed  as  a  rotational  mode  about  the  a*  (110)  axis. 
However,  in  this  case,  both  anion-anion  3-4  and  anion-cation  2-3  bonds  give  stretching 
contributions  :  the  one  associated  with  the  last  bond  is  strong  enough  to  preclude 
a  softening  of  the  mode. 

For  the  shake  of  completeness ,  we  list  in  table  II  the  Grunelsen  parameter 
obtained  from  this  calculation  and  compare  with  experimental  data  when  they  are  avai¬ 
lable.  Theoretical  values  obtained  from  refs.  3  and  4  are  also  given  for  comparison 

purpose. 
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Raman  mode 

Deformation 

potentials 

(cm-1) 


F1  <Alg> 


Ex  (a) 

*JF2 

Th  (a) 

Th(b) 

ZnF.. 

Th(a) 

S5!L2 

Th(a) 

CoF,. 

Th(a) 

TiOj 

Ex  (c) 

TO  (A) 

Th(«0 

SnO„ 

Th(a) 

<*>2 

Th(a) 

-lloo 
±  60 

-470 

±70 

-  1065 

-700 

-  1029 

-787 

-  ion 

-632 

-  983 

-623 

-  1015 

-688 

r3 

(V 

ft- 

b. 

3 

3 

480 

365 

±60 

±70 

638 

276 

553 

502 

621 

305 

664 

353 

607 

II 

321 

r4  <B2g> 


r5  <V 


b4  a5 


891 

451 

1020 

718 

-1170  ■ 

-1840 

35 

-230 

±370 

±430 

±35 

±300 

-1007 

-1451 

126 

-953 

-780 

-642 

95 

-1350 

-863 

-1329 

111 

-677 

-949 

-1334 

80 

-899 

Table  I  :  Deformation  potentials  of  Raman  active  modes  of  Rutile  compounds. 

a)  This  work  i  b)  3.  Pascual  et  al,  Phys.  Rev.  B15,  in  press,  using  force-cons 
tants  extracted  from  a  shell  model  j  c)  ref.  1  >  d)  ref.  2,  neglecting  the 
CoulesA  contribution  and  assuming  *_  •v  r~*. 
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P I EZOSPECTROSCOP IC  STUDY  OF  THE  RAMAN  SPECTRUM  OF  LiI03 
*  ## 

F.  Cerdeira  ,  F.E.A.  Melo  and  R.S.  Katiyar 

Inatituto  de  Fiaioa ,  UHICAMP ,  13.100,  Campinas,  SP,  Brazil 


Abstract. -  We  studied  the  effect  of  stress  on  the  Raman  Spec¬ 
trum  of  a-LH03,  with  the  external  force  directed  both  parallel 
and  perpendicular  to  the  crystallogranhic  c-axis.  The  low 
frequency  part  of  the  spectrum  (uj  <  200cm-1),  consisting  of 
translational  modes,  exhibits  the  largest  frequency  changes 
and  is  selected  for  detailed  discussion.  These  changes  are  well 
described  by  a  linear  deformation  potential  theory  which  allows 
calculation  of  Griineisen  oarameters  and  other  anharmonic 
coefficients.  The  former  are  in  good  agreement  with  those 
obtained  independently  using  hydrostatic  pressure.  No  signifi¬ 
cant  difference  in  the  value  of  these  oarameters  was  found  when 
comparing  results  from  data  taken  at  two  different  temperatures 
(77K  and  300K) . 


The  a-phase  of  LilO^  belongs  to  the  C®  space  group  with  two  formula 

units  per  unit  cell.1  The  Raman-active  phonons  are  distributed  among 

the  irreducible  representations  of  the  factor  group,  Cg,  as:  4A  +  4E1 

+  5E2 .  The  first  two  types  are  simultaneously  Raman  and  infrared 

active  (hence  split  into  TO-LO  doublets)  while  E2  modes  are  Raman- 

active  onlv.  All  modes  have  been  previously  identified  by  Raman  and 

2  3 

infrared  spectroscopy  '  .  We  selected  for  detailed  discussion  a  mode 
from  each  symmetry  type  among  the  lowest  lying  translational 
vibrations.  These  modes  are  referred  to  by  the  symbol  of  its 
irreducible  representation  followed  by  its  room  temperature 
frequency  value  (in  parenthesis)  rounded  off  to  the  nearest  integer. 
Experiments  were  nerformed  with  ?  I  2  (c-axis)  at  77K,  with  the 
sample  immersed  in  liquid  nitrogen  and  at  300K.  Experiments  at  77K 
were  also  nerformed  with  the  external  force  perpendicular  to  the 
hexagonal  axis  (?  I  x) .  The  experimental  arrangement  is  described 
elsewhere.4 

The  changes  in  the  Raman  spectrum  produced  by  stress  are  well 
described  in  first  order  perturbation  theory  using  an  effective 
stress  Hamiltonian  dependent  uoon  a  nvsaber  of  constant  parameters 
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called  deformation  potentials.5  For  the  Cg  factor  group  of  a-LUC^ 
this  yields*: 


Aui,  =  a'  (a  +  a  )  +  b' a  „ 
A  xx  yy  zz 


for  A  modes  and: 


(1) 


Awe  = 


(a  +o  )  +b 
xx  yy 


'a  tc'l  (a  -a  )2+4 a2  ]  1/,Z, 
zz*  xx  yy  xyJ  1 


(2) 


for  both  types  of  E  inodes.  Here  are  the  oomponen ts  of  the 

stress  tenqor  and  a1 ,  b1  and  c'  are  deformation  potentials  to  be 
determined  from  the  experimental  data.  Mode  GrQneisen  parameters  are 
obtained  from  these  deformation  potentials  as 


y 


j 


dtnMj  =  _B_ 
3  Inv 


(2a'  +  b'). 


(3) 


where  B  is  the  bulk  modulus 

In  Fig.  1  we  show  Raman  spectra  for  the  frequency  region  under 
study  taken  at  77K  for  the  unstrained  crystal  and  for  the  maximum 
value  of  8 tress  attained  in  both  cases:  f  I  !  and  ?  I  5.  Frequency 
vs.  stress  for  the  different  nodes  are  shown  in  Fig.  2,  also  at  77k. 
All  frequencies  are  seen  to  change  linearly  with  stress,  within  the 
limits  of  experimental  accuracy.  In  these  figures  dots  represent 
experimental  data  while  straight  lines  are  linear  least-squares 
fits  using  egs.  (1)  and  (2).  These  fits  yield  values  for  the 
deformation  potentials  a',  b'  and  c',  listed  in  Table  I.  Also  listed 
in  Table  I  are  Grifaeisen  parameters  calculated  with  eq.  (3)  and 
elastic  constants  of  ref.  6.  They  are  in  excellent  agreement  with 
those  of  Lamos  et  al.7  obtained  from  room  temoerature  hydrostatic 
pressure  measurements  (Table  I) . 

In  conclusion  we  studied  the  effect  of  uniaxial  stress  on 
representative  phonons  of  each  symmetry  type  in  a-LilOj.  Our 
measurements  render  numerical  values  for  the  deformation  potentials. 
These  constants  are  enharmonic  parameters  of  great  importance  in  the 
lattice  dynamical  description  of  the  material,  owing  to  its  well- 
do  ovSHen  ted  historv  of  nonlinear  optical  properties  and  to  the 
possible  existence  of  a  high  temperature  superionic  phase.3  this  led 
us  to  measure  one  of  the  detonation  potentials  at  two  different 
temperatures i  300K  end  77K.  Up  significant  variation  in  the 
numerical  value  of  the  perasater  was  observed.  Attempts  to  obtain 
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stress  data  at  temperatures  of  470K  or  more  failed  because  the  sample 
deformed  plastically  at  low  stresses  when  heated. 
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Fig.  1  -  Raman  spectrum  of  ltiI03  Fig.  2  -  Pressure  dependence 

with  and  without  pressure  of  phonon  frequencies 

Table  I.  -  Deformation  potentials ,  in  cm  ^kbar  \  and  Gruneisen 
parameters  for  translational  modes  in  I»iI03 


Mode 

- p - 

- P - 

Y 

300K 

77K 

Hi 

Uniaxial 

hydrostatic 

E2(94) 

0.58 

0.58 

0.34 

0.60 

4.0 

4.0 

Ato(145) 

0.40 

0.35 

0.40 

— 

2.4 

3.0 

Alo(i46> 

— 

0.33 

0.50 

2.7 

W170) 

0.69 

0.63 

0.04 

a 

1.3 

1.3 

bilo<17«> 

0.61 

0.66 
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OBSERVATION  OF  COUPLED  AMPLITUDE  MODES  IN  THE  RAMAN  SPECTRUM  OF 
INCOMMENSURATE  y-N«2C03 

A.  Maciel  and  J.F.  Ryan 

Clarendon  laboratory.  University  of  Oxford,  Oxford,  U.K. 


Abstract.  -  The  Raman  spectrum  of  incommensurate  y-NajCOj  reveals  an  addi¬ 
tional  number  of  modes  which  are  activated  by  the  distortion.  A  complex 
coupled  mode  spectrum  observed  at  low  frequencies  is  interpreted  as  arising 
from  an  interaction  of  acoustic  and  librational  dispersion  branches  at  the 
incommensurate  wavevector.  The  high-frequency  internal  mode  V|  of  the  CO§” 
ions  is  observed  as  a  doublet  whose  splitting  varies  with  temperature  as 
(Ti_T)2B  e  .  o.3S . 


The  disordered  B  structure  of  sodium  carbonate,  which  for 
ture  for  the  inca 


the  basic  struc- 


ensurate  phase,  is  derived  from  the  hexagonal  a  form  by  a  mono- 
clinic  distortion  consisting  mainly  of  rotations  of  the  CO,  groups  about  the 

/  l  \  J 


(I00)h.x  a*. 


(I) 


The  inconssensurate  distortion  which  sets  in  at  Tj  ■  633  K  is 


known  to  consist  of  rotetions  of  the  carbonate  ions  about  axes  normal  to  this  di¬ 
rection  and  displacements  of  both  the  sodium  and  carbonate  ions  along  this  direc- 
(2) 

tion  .  The  critical  wavevector  varies  continuously  with  temperature:  for  example, 
at  room-te^erature  it  has  the  value  3*  -  (0.182s*  «•  0.318c*) ,  while  below  v  130  K 

it  attains  the  approximately  constant  value  (  jg  t  it*)  without  there  being  a  sharp 

(3)  °  J 

lock-in  At  the  onset  of  such  an  incommensurate  structural  modulation  an  addi¬ 
tional  nind>er  of  vibrational  nodes  with  non-zero  wavevector  are  expected  to  become 
Raman  active.  To  date  experimental  studies  have  concentrated  mainly  on  the  beha¬ 
viour  of  amplitude  and  phase  nodes  which  are  prismrily  responsible  for  the  distor¬ 
tion.  In  principle,  however,  modes  originating  from  wave vectors  n^  (n  *  1,2  ...  ) 


fig.  1:  Unpolarised  Rjamn  Spectra  of 
Sa2®3  at  various  temperatures  (K) . 


TtMtftAtWI  IR) 

Fig.  2:  Temperature  dependence  of  the 
low-energy  modes  in  lajOOj. 
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on  dispersion  branches  with  appropriate  symmetry  may  become  active  and  can  provide 

information  about  the  distortion.  Jn  this  paper  we  report  Raman  data  for  y-NajCO^ 

which  show  evidence  of  these  modes  both  in  the  low  frequency  spectrum  and  in  the 

2-  . 

high-frequency  internal  mode  spectrum  of  the  CO^  ions. 

The  spectrum  of  (Fig.  1)  shows  two  quite  heavily  damped  modes  below 

50  cm  1  which  soften  with  increasing  temperature.  The  plot  of  their  energies  versus 
temperature  given  in  Fig.  2  suggests  that  they  are  soft  modes  for  the  a-6  transi¬ 
tion  at  T^  -  763  K.  At  low  tenqpe  rat  urea  extra  lines  appear  in  the  spectrum  which 
are  associated  with  the  incommensurate  phase.  The  energy  of  line  D  in  Fig.  1  is 
relatively  temperature  independent  (Fig.  2)  up  to  about  160  K  at  which  point  it  is 
obscured  by  the  wings  of  the  much  more  intense  higher  frequency  modes.  Line  C  is 
also  very  weak  at-  low  temperature  but  its  strength  increases  with  temperature  as 
that  of  B  decreases;  the  latter  is  not  resolved  clearly  above  room  temperature.  The 
spectra  presented  in  Fig.  I  are  unpolarised  and  it  is  not  possible  to  determine  the 
symmetry  of  the  lines.  However,  an  interpretation  of  the  8-phase  data  can  be 
suggested  since  on  symmetry  grounds  two  Raman-active  soft  modes  (Ag+Bg)  are  pre- 
dieted corresponding  to  rotations  of  the  CO^  ions  about  ( 10°)hcx  and  C12°)hex 
respectively.  Because  of  the  complexity  of  the  mode  interactions  and  the  lack  of 
polarisation  data  the  spectra  of  the  incommensurate  phase  are  more  difficult  to 
interpret;  however,  the  temperature  dependence  of  the  extra  modes  is  consistent 
with  the  model  in  which  a  coupling  of  acoustic  and  librational  dispersion  branches 
at  £  gives  rise  to  two  coupled  amplitude  modes  in  the  incommensurate  phase.  This 

librational  branch  is  expected  to  be  low  lying  in  Na.CO,  just  as  in  K_C0,  where  an 

(5)  L  3  .  Z 

antifarrodistortive  transition  occdrs  due  to  a  softening  of  this  branch  at  the 
Brillouin  zone  boundary. 


***»  i!  spectrum  of  the  totally  symmetric  Fig.  4s  Temperature  dependence  of 

v,  mode  of  the  S©|~  ion  in  IU2CO3.  The  dots  Av,  the  splitting  Of  the  v.  mods  in 

oro  ampolariasd.  Spectrometer  bandpass  is  the  incommensurate  phase. 
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Additional  lines  are  also  observed  in  the  spectrum  of  the  incosnensurate  phase  in 
2- 

the  neighbourhood  of  the  CO^  internal  nodes.  The  most  obvious  of  these  is  the  appa¬ 
rent  splitting  of  the  nondegenerate  syaaetric  breathing  node  v ^  (Fig.  3).  The  temp¬ 
erature  dependence  of  the  splitting  shown  in  Fig.  4  shows  that  it  tends  to  zero  near 
Tj  although  we  are  in  fact  unable  to  resolve  the  components  above  500  K.  In  the 
0  phase  we  observe  only  a  single  line ,  albeit  quite  broad.  A  log- log  plot  of  Av 

/»\ 

versus  (T  -  Tt)  yields  a  slope  0.70  -  0.76  depending  on  the  choice  of  Tt  as  619  Kv  ' 

(2)  1  26  1 
or  633  K  respectively.  Assuming  a  relationship  Av  a(Tj-T)  yields  a  critical 

exponent  0  «  0.35  -  0.38.  Similar  values  of  0  have  been  obtained  for  other  in- 

commensurate  systems. 

References 

1.  C.J.  de  Pater,  Physics  96B,  89  (1979) 

2.  W.  van  Aalst,  J.  den  Hollander,  W.J.A.M.  Peterse  and  P.M.  de  Uolff 

Acta.  Cryst.  32B  47  (1976) 

3.  C.J.  Pater  and  R.B.  Helmholdt  Phys.  Rev.  B  19^  5735  (1979) 

4.  Angela  Maciel  and  J.F.  Ryan.  J.  Phys.  C.  J4^  L  509  (1981) 

5.  Angela  Maciel  and  J.F.  Ryan.  J.  Phys.  C.  _1_4,  1611  (1981) 

I 

! 


JOURNAL  DE  PHYSIQUE 

Collogue  C6,  supplement  au  n°  12 ,  Tom  42,  dAoembve  1981 


page  C6-728 


INVESTIGATION  OF  THE  CHARGE  DENSITY  WAVES  IN  2H“TaSe2  BY  ONE  AND  TWO 
PHONON  RAMAN  SCATTERING 

S.  Sugai**  K.  Murase*  S.  Uchida*and  S.  Tanaka** 

* Department  of  Phyeioe,  Osaka  University,  Toyonaka,  560  Japan 
**Department  of  Applied  Physios,  University  of  Tokyo,  Tokyo,  112  Japan 

Abstract .  -  One  and  two  phonon  Raman  scattering  was  investigated  in  2H-TaSe2 
at  the  normal  and  the  charge  density  wave  (CDW)  phases.  The  temperature 
dependence  of  the  generalized  susceptibility  was  obtained  from  the  integrated 
scattering  intensity  of  the  two  phonon  peaks  relating  to  the  Kohn  anomaly 
mode.  The  temperature  dependence  of  the  phonon  energies  calculated  from 
this  susceptibility  shows  excellent  agreement  with  the  experimental  data 
obtained  from  one  phonon  Raman  scattering  in  the  soft  A,  and  E-  -  modes  in 
the  CDW  phase  and  the  Kohn  anomaly  mode  in  the  normal  phase.  8 
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ENERGY  SHIFT  (cirri) 

Flg.l  :  Lower  energy  pert  of  Raman 
spectra  in  the  normal  (127  K) ,  ICON 
(117  K),  SCCm  (107  ,  96  K)  and  TCCON 
(85,  66  K)  phases.  The  dotted  curves 
are  duplications  of  the  127  X  spectra. 


Transition  metal  dichalcogMu.de 
2H-TaSe2  is  a  typical  layered  compound 
with  a  CDW  phase  transition.  The  crystal 
structure  changes  from  the  original  >ex- 

4 

agonal  phase  to  the  incommensurate 

charge  density  wave  (CDW)  phase  at  122  K, 

followed  by  the  triply  commensurate  CDW 

(TCCDW)  phase  of  3a  x  3a  x  c  at  90  xf^ 
o  o  o 

On  warning  only  the  stripe  domain  struc¬ 
ture  (SCCDW) ,  in  which  one  CDW  is  commen¬ 
surate  and  the  other  two  are  incommensur¬ 
ate,  was  observed  by  x-ray  diffraction 
between  90  K  to  112  X.(2) 

The  experiment  was  made  in  the  back 

scattering  configuration  on  the  layer 
© 

plane  with  5145  A  Ar-ion  laser  and  micro¬ 
computer  associated  system.  Using  this 
experimental  configuration,  one  A^  and 
two  Ejg  modes  are  observed  in  the  normal 
phase.  In  the  TCCDW  phase  six  points  on 
the  E- lines  and  the  two  K-points  in  the 
original  phase  are  folded  into  the  T- 
point. 


a 
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Fig. 2  :  Temperature  dependence  of  the 
phonon  energies  in  the  CDW  phase.  The 
dotted  curves  are  calculated  from  the 
obtained  susceptibility. 


Fig. 3  :  Temperature  dependence  of  the 
energy  shift  of  the  maximum  position 
and  the  edge  of  the  lower  energy  foot 
of  the  two  phonon  Raman  peak.  The 
dotted  curve  is  calculated  using  the 
susceptibility. 


0  OO  200  300  K 


Fig. 4  :  Temperature  dependence  of  the 
generalized  susceptibility  obtained 
from  the  integrated  scattering  inten¬ 
sity  of  the  two  phonon  Raman  peak. 


Figure  1  shows  the  Raman  spectra  below 
100  ca~ 1 .  The  A^-  spectra  were  obtained 
by  subtracting  the  perpendicularly  polar¬ 
ized  spectra  Z(XY)2  from  the  parallel 
polarized  spectra  Z(XX)T.  The  normalized 
intensity  was  obtained  by  dividing  the 
experimentally  obtained  intensity  by  n  ♦  1, 
where  n  is  the  Bose-Einstein  factor.  The 
small  peak  at  24  cn  1  in  the  E^-spectra 
is  due  to  the  natively  active  rigid  layer 
node.  The  broad  peak  at  110  cn  1  is  due 
to  the  two  phonon  process.  On  decreasing 
the  temperature,  two  A^-node?  and  four 
Egg-modes  become  strong.  Figure  2  shows 
the  temperature  dependent  phonon  energies 

of  these  modes.  The  A,  -node  at  82  cm-1 
lg  -1 

and  the  Egg-node  at  SO  cm  ,  at  low  temp¬ 
eratures,  show  softening  toward  the  CDIf 


to  the  normal  phase  transition  temperature 
at  122  K.  The  50  cm'1  mode  is  overdamped 


above  110  K.  The  82  cm  A.  -mode  ap- 
-1  lg 

proaches  the  42  cm  A^  -node  and  merges 


at  100  X. 


The  strong  two  phonon  scattering 
intensity  relating  to  the  Kohn  anomaly  is 
the  distinctive  feature  of  2H-conpounds 
with  CDW  phase  transitions.  The  maximum 
position  and  the  edge  of  the  foot  of  the 
two  phonon  scattering  peaks  are  shown  in 
Fig.  3.  The  energy  of  the  edge  shows 
strong  temperature  dependence.  The  half 
of  this  energy  corresponds  to  the  energy 
of  the  Kohn  anomaly  E^LA-mode.  The  inte¬ 
grated  scattering  intensity  increases 
with  decreasing  temperature,  if  the 
intensity  is  normalized  by  the  statistical 
factor  of  the  two  phonon  emitting  process. 
The  two  phonon  scattering  intensity  is 
related  to  the  generalized  electronic 
susceptibility  X^  W  by 

I  «X2xCn  ♦  l)2. 
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Figure  4  shows  the  obtained  susceptibility.  Phonon  energies  renormalized  by 
the  electron  -  phonon  interaction  are  expressed ^  by 


=  V  '  VV’ 

-2 

where  ui  and  u  .  are  the  renormalized  and  bare  phonon  frequency,  respectively, 

q  qA 

The  calculated  phonon  energies  are  shown  in  Fig.  2  and  Fig.  3  by  dotted  curves. 

The  agreeaent  with  the  experiaental  results  is  excellent. 

Our  results  are  summarized  in  the  following. 

1.  The  generalized  electronic  susceptibility  was  obtained  from  the  second 
order  Raaan  scattering  intensity.  The  energy  of  the  Kohn  anomaly  mode  was  calcu¬ 
lated  above  and  below  the  CDN  phase  transition  temperature  using  the  susceptibility. 
The  agreement  with  the  experiaental  data  was  excellent. 

2.  In  the  CDN  phase,  the  A^-mode  at  82  cm'1  at  12  K  and  the  Eg^-mode  at 
SO  cm'1  shows  strong  softening  and  their  intensity  curves  have  shoulders  at  about 
90  K.  They  might  be  assigned  to  the  amplitude  modes.  The  42  cm'1  A^-mode  and  the 
64  cm'1  E2g-aode  might  be  assigned  to  the  phase  modes. 

3.  No  hysteresis  was  observed  in  the  phonon  energy,  scattering  intensity 
and  line  width  in  the  temperature  range  of  the  SCCDN  phase.  This  suggests  the 
existence  of  the  domain  structure  in  which  the  CDN  is  almost  commensurate. 

4.  The  Kohn  anomaly  phonon  energy  above  the  CDN  transition  temperature 
was  obtained  from  the  lower  energy  foot  of  the  second  order  Raman  peak. 
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BRILLOUIN  SCATTERING  STUDY  OF  THE  INCOMMENSURATE  (ANTIFERROELECTRIC) 
PHASE  TRANSITION  IN  SODIUM  NITRITE 

T.  Yagi,  Y.  Hidaka*and  K.  Miura** 

Kyushu  University,  Hakazaki,  Fukuoka,  Japan  812 


Abstract.-  The  Brillouin  scattering  spectra  of  NatK>2  have  been  observed  as  a 
function  of  temperature  near  the  two  phase  transition  points;  normal  (para- 
electric) -Incommensurate  (antlferroelectric)  and  Incommensurate-commensurate 
(ferroelectric)  phase  transition  points.  A  simple  temperature  dependence  of 
the  Brillouin  frequency  shifts  has  been  found  in  the  Incommensurate  phase 
Indicating  existence  of  a  dispersion  of  the  sound  velocity  In  hypersonic 
frequency . 

1.  Introduction. -  The  phase  transition  in  ferroelectric  sodium  nitrite 

(NaN02)  crystal  has  been  regarded  as  a  typical  example  of  the  order= 

disorder  type  transition.  The  flip-flop  motion  of  electric  dipoles  = 

each  of  which  is  composed  of  a  NO*  ion  and  the  nearest  neighbouring  Na 

ion  -  is  capable  of  being  treated  theoretically  as  a  motion  of  the 

Ising  spins.  On  the  other  hand  the  phase  transition  of  NaN02  is  not 

so  simple  as  expected  from  the  simple  mechanism  mentioned  above.  With 

lowering  temperature,  the  crystal  symmetry  changes  from  the  disordered 

25 

paraelectric  (normal)  D2h*Inunra  to  the  sinusoidal -antiferroelectric 
(incommensurate)  phase  at  TM  (437.7  K)  and  then  undergoes  a  1st  order 

n  20 

transition  to  the  ordered-ferroelectric  (commensurate)  ^v’^mZm  at  Tc 
(436.3  K) .  In  the  incommensurate  phase,  the  electric  polarization  has 
an  incommensurate  wavenumber  k  =  a*/8,  where  a*  is  the  magnitude  of 
the  reciprocal  lattice  vector  parallel  to  the  orthorhombic  a-axis. 

The  observation  of  sound  wave  propagation  is  a  powerful  method 
for  investigating  the  dynamic  property  of  the  incommensurate  phase, 
because  elastic  waves  are  always  coupled  with  the  order  parameter. 
Several  studies  on  the  sound  wave  propagation  in  NaNO-  have  been  re- 
ported.  J  The  purpose  of  the  present  paper  is  to  observe  the  sound 
wave  propagation  in  a  gigaherz  region  by  the  Brillouin  scattering  in 

order  to  extend  the  frequency  region  covered  by  the  recent  ultrasonic 

3  4) 

studies  in  the  incommensurate  phase.  *  ’ 

2.  Experiment . -  The  sample  crystals  of  NaN02  were  grown  by  the  Bridge- 
man  method.  During  the  course  of  the  crystal  growth,  the  temperature 
of  the  electric  furnace  was  controlled  to  keep  the  cooling  speed  slow. 

"Present  address  :  Ibaraki  Electrical  Communication  Lab.,  NTT,  Japan 
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After  being  cut  to  a  cubic  shape  with  a  wet-thread  saw,  the  surfaces 
of  the  sample  crystal  were  finely  polished  in  order  to  reduce  the 
light  scattered  there.  The  sample  crystal  mounted  in  a  light  scatter¬ 
ing  cell  was  illuminated  by  a  beam  of  the  longitudinal  single-mode 
Ar+  ion  laser  operated  at  an  average  output  power  of  about  100  mW.  A 
5145  A  line,  polarized  vertically,  was  mainly  used  as  the  incident 
beam.  The  scattered  light  was  analyzed  an  ordinary  90°  Brillouin 

spectroscopic  system  which  is  essentially  the  same  as  the  one  de- 
6  71 

scribed  elsewhere.  ’  ‘  Figure  1  shows  a  typical  example  of  the  spec¬ 
trum  of  NaN02  observed  at  room  temperature. 

3.  Results  and  Discussion.-  The  Brillouin  frequency  shift  (Av)  of  the 
longitudinal  modes  was  observed  as  a  function  of  temperature  for  each 
of  the  three  directions  [100]  ,  [010]  and  [001]  in  a  temperature  range 
from  360  to  480  K.  The  temperature  dependence  of  Av  in  the  [010]  di¬ 
rection  shows  a  qualitative  agreement  with  the  previous  result  except 
for  the  results  very  near  the  transition  points  T^.  and  T^.^The  re¬ 
sults  near  the  transition  points  T^.  and  TN  are  shown  in  Fig. 2.  In  the 
incommensurate  phase,  a  gradual  decrease  of  Av  along  with  increasing 
temperature  is  seen  in  each  of  the  three  directions.  Taking  account 
of  the  temperature  dependence  of  the  refractive  indices,  we  can  see  a 
rather  smooth  change  of  the  sound  velocity  along  with  temperature  in 


5  10-10-5  0 

FREQUENCY  SHIFT  (GHz) 


Fig.  1  t  Brillouin  spectrum  of  NaN02  at  room  temperature .  The  phonon  vector 
q  la  parallel  to  the  [001]  direction.  The  capital  letters  R  and  B  denote 
Rayleigh  and  Brillouin  llnea.  The  superior  and  Inferior  letters  a,  T,  L, 

S  and  AS  mean  the  order  of  Interference,  transverse,  and  longitudinal  nodes, 
Stokes  and  anti-Stokes  lines ( respectively. 
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the  incommensurate  phase,  because  Av  is  proportional  to  the  hypersonic 
velocity.  On  the  other  hand,  the  distinct  anomalies  near  and 
were  reported  in  the  recent  ultrasonic  study  of  the  longitudinal  wave 
propagating  along  the  [010]  direction. The  relative  change  of  the 
sound  velocity  at  in  the  ultrasonic  data  is  estimated  to  be  3  ~  4  %. 
On  the  other  hand,  the  relative  change  in  the  present  hypersonic  data 
is  about  0.5  4  at  Tc>  At  the  normal-incommensurate  phase  transition 
point  Tn,  a  continuous  minimum  in  the  velocity  of  the  longitudinal 
sound  wave  in  the  [010]  direction  was  reported?'*^  However  no  minimum 
was  observed  in  the  present  data  as  shown  in  Fig. 2. 

The  difference  between  the  ultrasonic  and  the  present  hypersonic 
result  indicates  clearly  the  frequency  dependence  of  the  sound  veloci¬ 
ty  in  the  incommensurate  phase.  Thus  it  is  concluded  that  the  disper¬ 
sion  frequency  of  the  sound  wave  exists  below  a  hypersonic  region. 
Therefore,  the  amplitude  mode  which  is  expected  to  couples  to  the 

sound  wave  in  the  incom¬ 


mensurate  phase  becomes 
sufficiently  over  damped 
in  the  frequency  region 
considered  here. 
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Fig.  2  :  Teaparatura  dapandaaca  of  the  •rillouin  frequency  shift  of  the  three 
longitudinal  acoustic  nodes  In  the  Incommensurate  (antiferroelectrlc)  phase 
of  KaHOj.  The  phase  lies  tn  the  temperature  region  between  T  end  Tg. 
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SOFT  PHONON  VALLEY  NEAR  THE  TRANSITION  TO  AN  INCOMMENSURATE  PHASE  IN 
BARIUM  SODIUM  NIOBATE 


J.  Schneck,  J.C.  Toledano,  J.  Aubree,  B.  Joukoff  and  C.  Joffrin* 

C.S.E.T.,  196  rue  de  Paris,  92220  Bagneux,  France 
*I.L.L.,  Grenoble,  France 

Abstract  :  The  dynamic  characteristics  of  the  tetragonal  to  incom¬ 
mensurate  transition  in  Barium  Sodium  Niobate  has  been  investiga¬ 
ted.  The  precursor  effects  consist,  in  the  tetragonal  phase,  of  a 
soft  phonon  and  a  central  peak. 


Barium  Sodium  Niobate  was  known  to  undergo  in  the  vicinity  of 
300°C  a  ferroelastic  transition  with  the  symmetry  change  4irax*-mm2  ^  , 

However  it  has  been  recently  shown  that  there  were  actually  two 

(2) 

transitions  in  the  300®C  range  .  The  upper  one  nearby  300°C  which  is 
continuous  corresponds  to  the  onset  of  an  incommensurate  phase  with 
j  the  modulation  vector  J  *  (a*+b*) (l+6)/4+c*/2  (referred  to  the  tetra- 

!  gonal  lattice) . 

The  stability  range  of  this  phase  is  "v  30 °C,  where  6  varies  on 
heating  from  8  %  to  12.5  %.  The  orthorhombic  symmetry  previously  obser¬ 
ved  is  only  that  of  the  "average"  cristalline  structure.  The  lower 
transition  which  is  discontinuous  leads  to  another  incommensurate  phase 
with  identical  point-symmetry  and  the  same  direction  of  modulation  but 
whith  a  different  periodicity  very  close  to  a  commensurate  one  (6^  1  %). 

By  means  of  inelastic'  neutron  scattering  the  dynamics  of  the  upper 
transition  has  been  studied  in  the  high  temperature  tetragonal  phase 
up  to  660°C.  In  the  investigated  sample  this  transition  occurs  at 
Tj^  288#C,  the  lower  one  being  at  Tjj'v  250°C.  Above  TJf  energy  scans 
has  been  performed  near  the  vector  (4  -  (l+6)/4,4  -  (l+5)/4  ,  1/2)  which 
corresponds  to  one  of  the  strongest  satellites  observed,  below  .T  ,  in 
the  [llo]  scattering  plane.  . 

The  critical  wavevector  has  been  found  at  )co*  (3.72,  3.72,  0.5) 
and  ia  temperature  independent.  For  T<T^ ,"  )?c  corresponds  to  the  tempe-i 
rature  dependent  position  of  the  satellite  reflection. 

For  T>Tj»  inelastic  scans  reveal  the  Hpre^spnce'-bf  a  damped  soft 
phonon  mode  as  well  as  that  of  a  central  component  with  a  critical  be¬ 
havior.  The  soft  phonon  becomes  overdamped  below  400°C.  The  central 
component  exhibits  a  steep  increase  of  intensity  on  approaching  Tj  whe¬ 
reas  its  width  is  determined  by  the  instrumental  resolution  (%  O.lSThz) 
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Fig. 1  :  Variations  of  the  squared 
frequencies  of  the  undamped  renor¬ 
malized  soft  mode,  uj  2  (filled 
triangles) ,  and  u02  (squares) . 

The  insert  shows  w02  in  a  range 
of  60 °C  above  T  . 


The  contribution  of  the  two 
former  features  have  been  separa¬ 
ted  through  a  fit  of  the  energy 
scans ^  .The  plot  of  the  fitted 

squared  frequency  of  the  soft  pho- 
2 

non  u  is  shown  on  fig.l.m  de- 
creases  markedly  from  660°C  to 
350°C.  Below  350°C,  w  remains  near- 
ly  constant  because  below  this  tem¬ 
perature  the  phonon  contribution 
seems  to  remain  constant.  This  sa¬ 
turation  of  is  probably  due  to 
the  interaction  of  the  sp ft -phonon 
with  a  relaxing  degree  of  freedom 
giving  rise  to  a  central  peak. 

The  inverse  of  the  static  sus¬ 
ceptibility  x  ^  1/Q)02  ^has  been 


obtained  through  the  measurements  of  the  total  intensity  I  scattered 

2  (4) 

in  both  the  central  peak  and  the  soft  mode  peak.  We  have  ^  T/I 
As  it  is  shown  bn  fig.l  the  temperature  variations  of  u>Q2  are  in  good 
agreement  with  a  linear  law  below  350°C. 


The  set  of  fitted  frequencies  obtained  for  various  k  vectors 
along  the  [lid]  direction  gives  the  dispersion  curve  represented  on 


fig. 2. 


C6-736 


JOURNAL  DE  PHYSIQUE 
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Previous  X-ray  experiments  have  shown  in  the  high  temperature 
phase  precursor  effects  of  the  transition  at  Tj  as  strong  rods  of  dif¬ 
fused  scattering  approximately  along  [lTo]  .  In  these  rods  a  strong 
temperature  dependence  of  the  soft  mode  is  observed  showing  that  the 
dispersion  curve  along  the  direction  is  very  flat. 

On  the  basis  of  the  preceding  results,  the  nature  of  the  diffused 
scattering  observed  in  the  X-ray  experiment  is  clarified.  Close  to  the 
critical  wavevector  £c  and  near  T  it  is  essentially  due  to  the  cen¬ 
tral  peak  distinct  from  the  overdamped  phonon  contribution,  (hi  going 
away  from  $c  in  the  [lTo]  direction  the  contribution  of  the  soft  pho¬ 
non  increases  and  makes  an  important  fraction  of  the  scattering .  Over 
100°C  above  Tj.  the  diffused  rods  essentially  reflect  the  valley  shaped 
dispersion  surface  of  the  soft  phonon  branch. 

These  diffused  rods  reveal  the  occurence  of  strong  correlations 
in  the  (ac)  orthorhombic  plane.  A  possible  structural  basis  for  a 
correlation  along  the  c  direction  could  be  in  the  fact  that  at  micros¬ 
copic  level  the  soft  mode  has  been  assigned  to  a  collective  shearing 
of  the  oxygen  octahedra  in  the  structure  ^ .  This  feature  could  esta¬ 
blish  strong  correlations  in  the  chains  of  oxygen  octahedra  parallel 
to  c,  through  the  corner  sharing  of  the  consecutive  octahedra. 

By  contrast  no  obvious  mechanism  accounts  for  the  correlation 
along  the  [110]  direction. 
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VIBRATION  SPECTRA  OF  CRYSTALS  IN  AN  INCOMMENSURATE  PHASE 

T.  Janssen  and  C.  de  Lange 

Institute  for  Theoretical  Physios,  University  of  Nijmegen,  Toemooiveld,  6625 
ED  Nijmegen,  The  Netherlands 


Abstract.-  The  solutions  of  the  equations  of  notion  and  the  structure  of  the 
spectra  of  incomnensurate  crystal  phases  Is  exemplif ied  on  a  model  in  one 
d mens ion.  Use  Is  made  of  the  superspace  symmetry  of  the  problem. 


1 .Equations  of  motion. An  incommensurate  crystal  phase  is  characterised  by  the  simul¬ 
taneous  occurrence  of  2  or  more,  mutually  incommensurate,  periodicities.  As  a  con¬ 
sequence  the  translation  symaetry  is  lost.  Nevertheless,  the  synsetry  is  a  space 
group,  but  in  4  (or  more)  dimensions  *  .  If  the  modulation  is  displacive  and  one¬ 
dimensional,  the  position  of  the  jth  atom  in  the  unit  cell  n  is  n-*Tj+?j(q.n) ,  where 
?.  is  a  periodic  function  with  period  2w,  and  q  is  the  modulation  wave  vector  which 
is  incommensurate  with  the  basic  lattice.  As  additional  dimension  we  take  the  phase 
t  of  1y  Then  the  positions  can  be  seen  as  the  intersection  of  3-dimensional  space 
with  lines  given  by  (n+r^+f ^ (q.n+t) ,t) .  This  4-dimensional  structure  has  again 
translation  symmetry  with  basis  vectors  (a. ,-&a.) , (0,2w) ,(a,  are  the  3  basis  vectors 
of  the  basic  structure) , where  Aa^-q.Sj . 

This  4-dimensional  translation  symmetry  can  be  exploited  to  study  the  vibra¬ 
tions  of  the  incomnensurate  phase.  We  do  this  in  the  harmonic  approximation.  This 
approximation  cannot  throw  light  on  the  origin  of  the  modulation,  but  can  be  used 
once  the  modulated  configuration  is  established.  We  denote  the  displacement  from  the 
equilibrium  position  of  atom  n,j  for  a  phase  t  by  u(nj,x).  Then 

mu^u(nj ,t)«  Entj»  *(nj,n,j*,T)u(n,j,,T)  (O 

is  the  equation  of  motion  with  dynamic  tensor  S  .  This  equation  and  the  properties 
of  ♦  have  been  discussed  in  ref .3.  Here  we  want  to  apply  this  equation  to  investi¬ 
gate  the  spectra.  Because  of  the  translation  symeatry  we  can  use  a  Bloch  Ansats  for 
u(nj,r).  As  has  been  shown  in  ref. 3,  u  has  the  form 

u^(nj,T)«exp(i?.n)  H^tt+q.n) ,  (2) 

where  £  is  a  vector  in  the  Brilleeim  some  of  the  basic  structure  and  A  am  integer 
labelling  the  solutions.  The  function  9  has  lattice  periodicity.  In  particular,  it 
has  periodicity  in  tj  iJj(T)*4J^  (t*2w).  This  implies  that 

3^(t)  -I  m  tj*  exp(imr). 


(3) 
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Substituting  eqs . (2^  and  (3)  into  eq.(l)  we  get  equations  for  U  and  A,  which 
form  for  incommensurate  q  an  infinite  set  of  coupled  difference  equations.  Por  com¬ 
mensurate  this  set  is  finite, because  B(t)  is  coupled  only  to  the  finite  set 

The  number  of  equations  then  is  exactly  equal  to  the  number  of  degrees  of 
freedom  in  the  supercell.  Nevertheless  it  makes  sense  to  use  the  description  in  the 
4-dimensional  superspace. 

2 .Modulated  spring  model.-  As  an  example  we  consider  a  linear  chain  of  identical 
particles  with  potential  energy  V-Ean(T)|un(T)-un_, (T)|  2/2,  where  the  spring  con¬ 
stants  vary  as  a  consequence  of  the  modulation.  Notice  that  we  do  not  discuss  the 
equilibrium  positions  themselves,  but  only  the  displacements.  To  make  the  model  as 
•“Pi*  *•  possible  we  assume  a  sinusoidal  variation  of  the  spring  constants: 

<»n(T)  “  ^  l+ecos(qn+T))  .  (4) 

kX  kX 

Eq«(2)  gives  Uft  (x)-«xp(ikn)U  (x+qn).  For  the  unmodulated  crystal  (e-0)  we  get,  of 

course,  the  usual  solutions  in  the  form  of  harmonic  waves.  These  do  not  depend  on 
k  k  k  k 

(ikn)»  which  implies  U  (t)-u^.  For  e^O  these  waves  are  coupled  to  each  other. 
Now  it  is  important  to  notice  that  the  description  in  eq.(2)  is  not  unique.  If  one 
replaces  k  by  k*mq  and  Uk(t)  by  Uk(T)exp(-imT) ,  the  displacements  for  t-0  are  the 
same.  This  implies  that  for  incommensurate  q,k  can  be  taken  to  be  zero.  For  commen¬ 
surate  q-i/N,one  can  Cake  <Kk<2r/N. 

For  e-0  the  solutions  are  UkX(t)-u£exp(-iXT> .  For  e^O,  the  solutions  are  no 
longer  simply  sinusoidal.  An  example  is  given  in  Fig.l  for  the  case  q-0.3w,  e-0. 316 
and  X-l .  The  label  x  corresponds  to  that  of  the  solution  to  which  this  solution 
tends  for  e-O.  It  is  only  ambiguous  because  of  the  degeneracy  of  siodea  with  X,-X. 


Tha  characterisation  of  the  modes  is  more  transparent  for  the  Fourier  ccssponents 
A^.  For  o*0  there  is  only  one  cosrponent  (or  two  if  one  coadtines  the  degenerate  modes 
with!  and  -X).  For  stO  the  ntfber  of  components  increases  (Table!).  However,  for 
c«1  a  mode  i»  well  characterised  bp  its  biggest  component.  For  o>I  .  this  is  no 
longer  the  ease  (see  b>2  in  Table.  I  for  sol). 
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3. Spectra.-  To  study  the  spectre  we  have  used  the  same  nodulated  spring  nodel.  An  ex¬ 
tensive  discussion  has  been  given  in  ref .4.  Here  we  present  soae  results  for  a  simple 
case.  One  way  of  doing  is  to  use  perturbations  nethods  for  snail  e  but  arbitrary  q, 

another  way  is  to  approximate  an  irrational  q  by  a  rational  one  and  to  study  the 

2 

successive  approximations .  In  Table  2  are  given  then  -spectra  for  a  superstructure 


Table  2.  Spectra  for  the  nodulated 
spring  model.  A  line  between  numbers 
indicates  a  continuous  band. 


with  q-0.3*.  For  e-0  there  are  no  gaps.  For 
e^O, there  are  in  principle  19  gaps , but  for 
at 1  only  5  gaps  show  up.  If  e  increases  the 
number  of  gaps  increases .but  the  number  of 
substantial  gaps  remains  the  same:the  levels 
cluster.  In  the  extreme  limit  £-1  this  can 
be  seen  clearly.  It  is  remarkable  that  the 
clustering  is  governed  by  the  continued 
fraction  expansion  of  q.  Since  here  q/2w- 
1/ (6+2/3)  the  cluster  pattern  in  first 
approximation  is  3-2-3-3-3-3-3.  In  a 
second  approximation  the  3-clusters  split 
up  in  a  2-cluster  and  a  single  level. 

To  see  the  influence  of  the  commensurate 
approximation,  in  Table  2  the  spectra  for 
q-0.3*  are  compared  with  those  for  2«/7  and 
2w/6«  It  is  clear  that  the  gap  structuras 
are  very  similar. 

The  spectra  for  this  simple  model  have 
also  the  main  characteristics  as  for  another 
model  with  nonlinear  forces.* 
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INVESTIGATION  OF  THE  CHARGE  DENSITY  WAVES  IN  lT~VSe2  BY  RAMAN 
SCATTERING 

S.  Sugai'^.K.  Murase* ,  S.  Uchida**  and  S.  Tanaka** 

Department  of  physios,  Osaka  University,  Toyonaka,  S60  Japan 

## 

Department  of  Applied  Physios,  University  of  Tokyo,  Tokyo,  113  Japan 


Abstract . -  The  lattice  dynamics  in  lT-VSe2  was  investigated  by  Raman  scatter¬ 
ing  in  the  normal  phase  (>  112  K) ,  the  incommensurate  charge  density  wave 
(ICON)  phase  (80  -  112  K)  and  the  commensurate  charge  density  wave  (CCDW) 
phase  of  4a  x  4a  ( <  80  K)  .  Recently  the  stacking  of  the  layers  was 
observed  to°be  incommensurate  even  in  the  lowest  temperature  phase.  In  the 
normal  phase  two  modes  were  observed.  In  the  CDW  phase  new  peaks  appear  in 
the  A1  -  symmetry  at  50,  62  and  174  cm'1  due  to  the  formation  of  the  super - 
lattid.  The  50  cm'  mode  showed  softening  toward  the  CDW  to  normal  phase 
transition  temperature.  The  observed  CDW  peaks  are  broad  reflecting  the 
incommensurability  along  the  direction  perpendicular  to  the  layer.  A  central 
peak  was  observed  in  the  CDW  phase. 


The  two  dimensional  transition  metal  diselenide  lT-VSe,,  is  known  to  show  the 
charge  density  wave  (CDW)  phase  transition.  On  cooling,  the  ICDW  is  formed  at 
112  K  and  successively  the  CCDW  of  4a  x  4a  is  constructed  in  a  layer,  but  the 

0  0  f  li 

stacking  of  layers  along  the  C  -  axis  is  still  incommensurate . 1  The  calculation 

121 

of  the  band  structure  shows  a  pancake-like  Fermi  surface  near  the  r -point v  '  as  in 
the  case  of  IT-TaSe2.  This  might  be  the  origin  of  the  incommensurate  stacking. 

The  electronic  resistivity  is  metallic  even  at  low  temperature,  and  the  temperature 
dependence  resembles  2H-TaSe2. 

The  experiment  was  made  in  the  back  scattering  configuration  on  a  cleaved 
layer  surface,  using  a  5145  A  Ar  -  ion  laser  of  100  mW  and  a  microcomputer  associ¬ 
ated  Raman  spectroscopy  system.  The  scattering  intensity  from  lT-VSe,,  was  weak  by 
about  one-tenth  of  that  of  2H-TaSe,. 

■  >  ■<  i  '  3 

The  crystal  structure  in  the  normal  phase  is  trigonal  D^  and  the  unit  cell 
contains  one  formula  unit.  One  A. _  and  one  E_  -  mode  are  Raman  active.  The  A.  - 

r  lg  g  lg 

mode  is  observed  in  the  parallel  polarization  configuration  of  the  incident  and  the 
scattered  lights.  The  E  -  node  is  active  both  in  the  parallel  and  perpendicular 
polarization  configurations.  The  A^  -  symmetry  spectra  were  obtained  by  subtract¬ 
ing  the  perpendicular  polarization  spectra  from  the  parallel  polarization  spectra 
after  correcting  for  the  apparatus  efficiency  about  the  polarization  direction  far 
each  wavelength  point . 

*Present  address:  Dlv.  Engineering,  Brown  University,  Providence,  RI  02912 
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Fig.  X  :  The  A,  and  E  symmetry 
spectra  of  lT-vSe,  in  ?he  normal 
(>  112  K)  incommensurate  (80  K  - 
112  K)  and  conmensurate-in-a- 
layer  (<  80  K)  phases. 


Fig.  2  :  Temperature  dependence  of 
the  energies  of  the  A.  -  modes 
which  ap peer  in  the  ctm  phase. 


Figure  1  shows  the  Ajg  and'  - 
symmetry  spectra  in  lT-VSe^-  The  scatter¬ 
ing  intensity  was  corrected  for  the  phonon 
distribution  function  n,  as 

I(uO  =  Io(a))/(n(u>,T)  +  1), 
where  IQ (to)  is  the  observed  scattering 
intensity.  At  room  temperature  the  - 

mode  is  observed  at  211  cm”1  and  the  E  - 

-1  ^ 
mode  at  143  cm  .  The  peak  of  the  E^  - 

mode  is  small  and  broad  at  room  tempera¬ 
ture,  but  becomes  strong  with  cooling  the 
crystal.  The  broad  peak  near  130  cm"*  is 
assigned  to  the  second  order  Raman  peak 
relating  to  the  Kohn  anomaly.  Below  the 
CDW  phase  transition  temperature  new  peaks 
appear  because  of  the  increase  of  the  unit 
cell.  The  new  peaks  were  observed  only 
in  the  Alg  -  symmetry  with  the  energy  of 
SO  cm”1,  62  cm”1  and  174  cm”1  at  20  K. 
These  peaks  are  broad  even  at  20  K,  re¬ 
flecting  the  incommensurability  along  the 
C-  axis .  The  50  cm  1  mode  at  low  -temp¬ 
eratures  shows  strong  softening  toward  the 
ICDW  to  the  normal  phase  transition  temp¬ 
erature  of  112  K  as  shown  in  Fig.  2. 

Figure  3  shows  the  normalized  inte¬ 
grated  scattering  intensity  and  the  full 
line  width  at  half  maximum.  Figure  3(a) 
is  concerned  with  the  CDW  state  activated 
modes  and  Fig.  3(b)  the  native  modes.  At 
low  temperatures  the  CDW  state  activated 
modes  of  SO  cm*1  and  62  cm”1  decrease 
their  scattering  intensity  and  increase 
their  line  width  with  temperature.  The 
intensity  of  the  modes  active  even  in  the 
original  phase  decreases  with  temperature. 


The  point  of  inflection  is  about  130  K. 
The  147  cm”1  -  node  almost  merges  into 
the  background  at  room  temperature.  This 


temperature  behavior  is  similar  to  the 
native  mode  of  240  cm'1  A^  -  node  in 
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Fig.  3(a) 


Fig.  3(b) 

rig.  3  :  Temperature  dependence  of 
tbe  integrated  scattering  intensity 
end  the  full  line  width  *t  half  maxi- 
•»  ot  the  OW  -  actuated  nodes  (a) 
and  the  originally  active  nodes  (b) . 


2H-TaSer 

Below  the  CON  phase  transition  temp¬ 
erature  a  central  peak  appears  below  10 
cn  and  its  intensity  increases  with 
decreasing  temperature.  The  central 
peaks  accompanying  the  CDM  phase  tran¬ 
sition  was  observed  by  Sooryakumer,  Bruns 
and  Klein  in  the  ICDW  phase  of 
Zl-TaSe^ . ^  In  the  naive  theory  of  the 
one  dimensional  CDW,  the  phase  mode  has 
vanishing  energy  at  zero  wave  vector.  In 
two  dimensional  materials,  the  energy  of 
the  phase  mode  are  not  well  known  due  to 
the  interaction  of  the  triple  CDW's.  The 
observed  central  peak  might  be  related  to 
the  phonon  or  to  some  defects  in  the 
crystal . 

The  authors  thank  A.  Toriumi  for  the 
preparation  of  good  crystals. 
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PRESSURE  DEPENDENCE  OF  IMPURITY  INDUCED  RAMAN  SCATTERING  SPECTRA  IN 
ZnS  CRYSTALS 

M.  Zigone,  M.  Vandevyver* and  D.H.  Talwar* 

Laboratoire  de  Physique  dee  Solides,  associi  ecu  C.N.B.S.,  UniversitA  Pierre 
et  Marie  Curie,  4,  Place  Jussieu,  7S2S0  Paris  Cedex  OS,  France 

*C.E.A.,  C.E.H.S.,  Botte  Postale  n°  2,  91190  Gif-sur-Fvette,  France 

Abstract.  -  Raman  scattering  from  zinc  sulphide  crystals  containing  a  transi¬ 
tion  metal  substitutional  Impurity  (Mn  and  Co)  is  reported  at  different 
pressures  up  to  40  kbar.  Numerical  calculations  of  these  impurity  induced  Ra¬ 
man  intensities  are  also  made  on  the  basis  of  Green's  function  theory.  It  is 
shown  that  the  features  observed  in  the  Raman  spectra  of  the  above  crystals 
may  be  interpreted  as  a  series  of  resonant  modes  due  to  the  weakening  of  the 
Impurity-sulfur  bonds  by  about  20  ». 

1 .  Introduction.  -  When  impurity  atoms  are  introduced  into  a  crystal,  new  phonons 
are  Induced  which  were  either  inactive  or  inexistent  in  the  perfect  crystal .  There 
may  arise  two  possibilities  that  a)  all  the  modified  modes  lie  within  the  band  mode 
region,  or  b)  some  new  modes  occur  at  frequencies  in  between  or  greater  than  the 
bands  of  the  allowed  frequencies  of  the  host  system. 

In  the  recent  years,  these  impurity  induced  modes  have  intensively  been  investigated 
In  numerous  crystals  using  both  Infrared  (i.r.)  absorption  and  Raman  scattering 
methods  .  Most  of  the  works  have  concerned  isolated  or  complex  defects  in  crystals 
at  atmospheric  pressure.  Rather  sparse  are  the  studies  of  the  influence  of  a  rever¬ 
sible  perturbation  as  hydrostatic  pressure  on  the  defect  modes. 

The  present  communication  is  devoted  to  the  effect  of  hydrostatic  pressure  up  to 
PS  40  kbar  on  the  Raman  spectra  of  ZnS  containing  transition-metal  atomic-substitu¬ 
tions  (Mn  and  Co) .  It  is  shown  that  the  pressure  dependence  of  the  vibrational  modes 
is  a  useful  tool  in  the  assignement  of  the  impurity-induced  modes. 

A  calculation  of  the  impurity  induced  first-order  Raman  scattering  (IFOR)  is  also 
performed  here  for  the  above  crystals,  at  40  kbar  pressure.  As  a  result,  our 
calculation  reproduces  very  well  the  experimental  results  by  assuming  a  weakening 
of  «*  20  %  of  the  impurity-host  bonding . 

2.  g^erimenta^ .  -  The  Raman  spectra  were  measured  using  a  "Spectra  Physics”  Ar+ 
laser  and  a  "Coderg"  double  monochromator.  The  experimental  resolution  was  usually 
of  la  1  cm"  .  The  high  pressure  cell  was  a  gasketed  diamond-anvil  cell.  The  pressure 
determination  is  accurate  to  t  1  kbar  at  40  kbar. 

The  effect  of  hydrostatic  pressure  cm  the  impurity  induced  Raman  spectra  has  been 
studied  for  ZnSitRi  and  ZnS; Co  systems.  The  results  are  shown  in  figs.  1  and  2  for 
&nS: Mn  only.  The  measurements  have  been  performed  up  to  ^  40  kbar,  at  room  tempera - 
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ture.  The  Important  result  concerns  the  defect 
phonons,  all  of  then  exhibit  the  same  blue  shift 
under  pressure  application  without  any  other 
modifications.  Moreover,  the  blue  shift  is  very 
similar  to  that  of  the  LO(n  phonon. 

The  frequencies  of  peaks  found  in  the  defect 
spectra  (see  Table  1)  fall  into  the  range  where 
the  one-phonon  density  of  states  is  high  or 
rapidly  varying2' 

Then,  we  might  conclude  that  we  do  see  the  IFOR 
scattering  which  is  due  to  the  relaxation  of 
the  wave-vector  conservation  rule  in  the 
presence  of  the  defect  ("defect  activated 
phonon  density”).  Nevertheless,  the  alternative 
hypothesis  of "true  defect  modes”  cannot  be 
excluded.  First,  the  phonon  density  shows  a 

narrow  gap  in  the  optical  region  which 

2 

suggests  the  possibility  of  gap  modes  . 

Secondly,  resonant  modes  characterized  by  a 
strong  enhancement  of  amplitude  of  vibration  in  the  vicinity  of  the  defect,  could 
also  be  responsible  for  the  observed  defect  spectra.  We  expect  that,  upon  pressure 
application,  the  Raman  spectrum  of  the  "defect  activated  phonon  density"  should 
reflect  the  variations  with  pressure  of  the  dispersion  curves  at  zone  edges,  and 

thus  present  a  modification  of  its  structure  because  each  of  the  high  synmetry 

4 

points  of  the  Brillouin  zone  has  a  different  pressure  dependence  coefficient  .  We 
have  ‘•sen  that,  in  fact,  it  is  not  what  we  have  observed  in  the  experiments  under 


Fig.  1.  Pressure  denpendence  of 
phonon  frequencies  in  ZnS:Mn  (3  %) . 
The  notation  1,  2,  3  correspond  to 
the  defect  phonon  peaks  that  are 
listed  in  Table  1 . 


IMM  I 
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compression  (c.f.  Figs.  1  and  2). 

This  behaviour  under  pressure  is  an  argument  in  favor 
of  our  second  hypothesis  of  "true  defect  modes". 


3.  Calculation.  -  In  this  section  we  attempt  to 
calculate  the  IFOR  spectra  due  to  the  above  impurities 
on  the  basis  of  the  Green's  function  technique,  by 

using  a  rigid  ion  model  of  11  parameters  (RiM  11)  for 

2 

description  of  the  perfect  crystals  .  Among  the  possi¬ 
ble  one-parameter  defect  models,  we  consider  the  one 
proposed  by  Grimm  et  al.5.  In  this  model,  the  defect 
can  be  described  by  a  single  dimensionless  parameter  t 
as  :  t  *  -  Af/f.  Details  on  numerical  computations  of 
the  impurity  induced  Raman  intensity  are  given  in  ref. 

4 

3.  In  an  earlier  paper  we  have  reported  a  lattice 
dynamical  study  of  zinc-chalcogenides  under  compres¬ 
sion.  Therefore,  a  set  of  model  parameters  is  avail¬ 
able  at  any  pressure,  and  this  allow  us  to  calculate 
the  IFOR  scattering  at  high  pressure. 

The  calculation  of  the  IFOR  spectra  of  the  above 


ZnS:Mn  at  40  kbar 


(a)  Exptf. 


250  300  350 

wave  number  (cm-') 

Fig.  2.  Comparison  between 
the  measured  and  calculated 
Raman  intensities  of  ZnS:Mn 
(3  *)  at  40  kbar  pressure. 

(a)  represents  the  experimen¬ 
tal  spectrum  obtained  at  40 
kbar  ;  whereas  in  b)  tjig 
calculated  sum  A  +E+F-  is 
plotted. 


crystals  at  atmospheric  pressure  has  already  been  * 

given  in  a  previous  work3.  We  have  shown  that  the  calculated  results  provide  an 
excellent  agreement  with  the  experimental  structure  for  the  value  t  “  0.2  of  the 
defect  parameter,  i.e.  a  weakening  of  the  impurity-host  bonding  by  a  factor  0.8. 

This  calculation  predicts  also  no  gap  modes  for  the  selected  value  of  t  and  in  the 
frequency  range  under  study.  Therefore,  the  only  "true  defect  modes”  which  could  be 
responsible  for  the  observed  structure  are  the  resonant  modes. 

In  order  to  clarify  this  question  furthermore,  we  have  calculated  the  IFOR  spectra 
from  Hn  end  Go  impurities  at  40  kbar  ;  the  shift  of  defect  modes  with  pressure  is  in 
a  very  good  agreement  with  the  one  observed  experimentally  (cf.  fig.  2  and  Table  1) 
for  the  value  of  t  determined  in  the  calculation  at  1  atm.  pressure3  :  t  «0.2. 

This  constitutes  a  supplementary  test  for  the  chosen  models  of  the  perfect  lattice 
and  of  the  defect. 
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SIMULTANEOUS  CONDENSATION  OF  SEVERAL  MODES  AT  STRUCTURAL  PHASE 
TRANSITIONS 
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Abstract. - 

The  structural  transitions  In  a  number  of  materials  has  been  explained  by  the 
simultanous  condensation  of  several  modes  at  the  transition  temperature, The  va¬ 
rious  types  of  couplings  between  the  order-parameters  corresponding  to  this 
mechanism  are  discussed. 


Most  of  the  observed  structural  phase  transitions  have  been  related  to  the  con¬ 
densation  of  a  single  normal  mode  of  the  crystal. This  confirms  the  basic  assertion  of 
the  Landau  theory*  which  states  that  when  the  space-groups  of  two  phases  are  group- 
subgroup  related, the  transition  from  ana  to  another  phase  can  be  described  by  a  sli^le 
arder-parameter(CP).In  other  words, the  number  of  phenomenological  variables  that  have 
to  be  introduced  in  the  description  of  the  transition  Is  minimal  and  cannot  be  re¬ 
duced.  However,  a  small  fraction  of  the  materials  undezgoli^  structal  transitions  does 
not  comply  with  the  preceding  scheme, This  is,  for  example,  the  case  of  families  of 

2  i  II 

compounds  such  as  the  Bor&citea  ,the  Langbelnltes^  and  part  of  the  Perovskltes  jof 
isolated  compounds  such  as  Benz  11'’  or  Bismuth  titanate^  tand  also  of  incommensurate 

D 

systems, such  as  Sodium  nitrite  and  Thiourea. 

In  these  materials, the  structural  changes  cannot  be  Interpreted  with  a  single 
OP  and  several  a odes  related  to  distinct  OP  seem  to  be  simultaneously  involved, As 
each  CP  expresses  a  set  of  atomic  displacements  (a  degree  of  freedom)  associated  to 
a  certain  normal  mode  of  the  system,  the  fact  that  several  OP  are  involved  signifies 
that  the  displacements  related  to  one  OP  brings  about  an  instability  in  parameters 
inducing  other  displacements . Due  to  the  non-linear  Interaction  between  the  various 
parameters, the  modifications  accompanying  the  txansltlon(  symmetry  chai«e, dielectric 
or  elastic  anomalies...)  will  require  for  their  description  an  increasing  number  of 
thermodynamic  variables. Thus, it  can  be  asked  to  what  extent  a  Landau-type  theory 
Involving  several  CP  may  still  have  a  predictive  value. In  this  paper  we  briefly  dis¬ 
cuss  the  case  of  transitions  induoed  by  two  CP  whose  characteristics  have  been  pre¬ 
cised  by  a  number  of  reoent  studies 

As  we  have  in  mind  a  qualitative  description  ,we  can  restrict  to  consider  only 
single  component  OP 's, namely  p  and  q.Ths  free -energy  (F8)  of  the  transition  will  con¬ 
tain,  In  addition  to  Invariants  of  each  OP,  nixed  invariant*  expressing  the  coupling 
between  p  and  q«As  it  is  the  lowest  degree  coupling  term  which  determines  the  essen¬ 
tial  features  of  the  transition,  we  can  therefore  distinguish  two  bain  case a t 
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1)  The  FS  is  of  the  typo i 

F  -  Atp2  ♦  Ajp4  +  A^p6  +  B^2  +  B2q4  +  B^q6  +  Cp2q2  (i) 

Such  a  easel*  encountered  when  lower  couplings  of  the  type  pq*pq2  or  p2q  are  for¬ 
bidden  by  syanetry.lt  is  realized, for  instance,  for  two  non-unit  one  dine ns local  real 
irreducible  re presentations (IR)  of  the  space-group  GQ  describing  the  more  syne  trie 
(high  temperature )  phase. 

When  A^-e^-O,  (l)  is  related  to  as  experimentally  unrealistic  set  of  two  suc¬ 
cessive  second  order  transitions. When  only  one  of  the  sixth-degree  coefficients 

(let  say  B,)  is  non-zero,  we  obtain  an  asyanetric  re  which  has  been  used  by  Hola- 

o  1 

kovsky  to  describe  the  simultaneous  onset  of  spontaneous  values  for  p  and  q  at  a 
first  order  transitlon.More  precisely, when  one  ass uses  a  single  temperature -depen¬ 
dent  coefficient^ ) ,  the  softening  of  this  coefficient  triggers  two  phase  transi¬ 
tions  either  at  different  or  at  the  saae  temperature . In  this  latter  case, which  is 

realized  for  sufficient  large  values  of  the  coupling  coefficient  C,  the  spontaneous 

2 

values  of  p  change  the  coefficient  at  q  inducing  a  transition  in  q.The  soft  vibra¬ 
tional  node  of  the  high  symmetry  phase  remains  related  to  the  “primary"  OP, but  the 
spaoe  group  of  the  low  symmetry  phase  is  the  intersection  of  the  symmetries  deter¬ 
mined  separately  by  p  and  q.In  addition  to  this  remarkable  property, other  features 
allow  the  identification  of  "triggered"  phase  trans ltlons , namely  a  complex  domain 
structure  depending  on  the  possible  orientation  of  two  CP  having  different  symmetry 
properties  i  or  the  mixed  behaviour  of  the  dielectric  canstant(proper  below  the  Curie 
point, improper  above}.  Bismuth  titanate^has  been  proposer  as  an  illustrative  example 
of  the  preceding  model  though  the  available  data  are  still  incomplete  for  this 
material* 

The  phase  diagram  of  (l)  when  Ay*  By*  0  has  been  discussed  by  Gufan  and  larlni0 
It  displays  various  sets  of  successive (and  possibly  simultaneous)  transitions  with 
intersecting  lines  of  second  and  first  order  transitions. 

2)  The  fE  is  of  the  type! 

F-  Ajp2  +  A;/  +  Ay»6  +  Bjq2*  Bj,q4  +  B^q6  +  Cpq2  (2) 

with  a  linear-quadratic  coupling  tern  which  can  be  formed  if  at  learnt  one  of  the 
two  CP  Is  spanned  by  a  multidimensional  XR.Cta  the  theoretical  ground  this  IB  has 
been  shows  to  be  connected  to  the  simultaneous  condensation  of  two  nodes .Be¬ 
sides,  it  has  bean  used  to  deeeribeaocurately  the  experimental  data  of  particular 

2 

systems. In  Boraoltem  the  low  temperature  phases  end  the  dielectric  ~--ly  have 
been  explained  by  a  mechanism  in  which  the  components  of  ths  polarisation  play  the 
role  of  the  primary  CP  triggering  a  six  components  CP  mnsodatsd  to  an  IB  of  the 
cubic  spans  group  Tjj  at  ths  Brill  coin  sons  boundary.  In  Bens  11^  for  which  a  de¬ 
tailed  maeerioal  model  has  been  proposed  .the  primary  and  triggered  CP  pose  as » 
respectively  two  and  three  components, In  this  material, the  to  nmnrnsnnplr 

quantities  which  are  not  eyes* try  breaking  parameters  has  been  oonsidsred.lt  has 
been  shown  that  such  a  coupling  does  not  affect  the  dynast oal  properties  of  ths 
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crystal  while  the  coupling  between  the  OP  p  and  q  is  likely  to  be  active  both  in 
its  static  and  dynamic  behaviours. On  the  other  hand  quantitative  values  show  ^  that 
in  Bens  11, the  triggering  though  essential  to  explain  the  symmetry  characteristics  of 
the  transition  influences  only  weakly  the  other  physical  properties. 

The  two  PS  considered  in  l)  and  2)  summarize  the  qualitative  situations  which 
■ay  be  encountered  for  structural  transitions  induced  by  two  CP.  Numerical  Models 
should  also  take  into  account  the  actual  symmetry  of  the  OP  and  higher  degree  cou¬ 
plings. Besides  when  dealing  with  transitions  towards  inocne  ns  urate  phases  other 
type  of  coupling, involving  the  space  derivatives  of  the  CP  ,nust  be  considered. This 
brings  us  to  a  third  ease. 

3)  The  onset  of  intermediate  inconaensurate  phases, such  as  in  Sodlua  nitrite  or 

O 

Thiourea  ,has  been  attributed  to  the  coupling  of  two  distinct  OP  whose  transf cr¬ 


eation 


properties  allow  an  antisymmetric  invariant  of  the  type: 


ViSL~  Qdk 
dx  dx 


(3) 


If  we  consider  p  and  q  as  the  aaplltudes  of  two  different  n areal  Modes  of  the  crys¬ 
tal, (3)  expresses  the  existence  of  a  relative  Maxi  mum  in  the  lowest  Mode  due  to  their 
interaction.  This  situation  can  be  reoognised  when  a  commensurate  phase  .generally 
stable  at  lower  teaperatuze.is  related  to  an  IB  of  the  high  teaperatuze  coaaenau- 
rate  phase  which  does  not  transform  like  (3). In  Sodlua  nitrite  and  Thiourea  the  low 
tenperature  commensurate  phase  iscoonectad  to  a  one  dimensional  IB  of  the  artharhon- 
blc  Brill ouin  sane  center  so  that  the  construction  of  an  invariant  of  type  (3)  needs 
to  recourse  to  two  distinct  IB  at  that  point  .The  preceding  model  is  however  far  free 
being  experimentally  confirmed  as  it  does  net  explain  the  complex  set  of  phases  which 
Is  for  instance  observed  in  Thiourea. 
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LATTICE  DYNAMICS  OF  THE  CUBIC-TETRAGONAL  PHASE  TRANSITION  IN  KNb03 


M.D.  Fontana,  G.E.  Kugel  and  C.  Carabatoa 
University  of  Metz,  lie  du  Sauloy,  57045  Metz,  France 


Abstract.  -  The  dynamical  properties  In  the  cubic  and  the  tetragonal  phases 
of  KNbC>3  are  described  on  the  basis  of  the  same  shell  model.  Calculations 
clearly  show  the  strong  influence  of  the  Intraionic  oxygen  polarizability  on 
the  ferroelectric  node  behaviour  in  both  phases. 


1 .  Introduction .  -  KNbC>3  continues  to  be  of  a  particular  interest  among  ferroelectric 
(FE)  materials  because  it  undergoes  three  successive  phase  transitions,  whose  mecha¬ 
nism  is  the  object  of  many  controversies.  Inelastic  neutron  scattering  measurements1 
performed  in  the  tetragonal  phase  (T  *  245°C)  reveal  the  presence  of  a  low-frequency 
E (TO)  zone  center  mode  together  with  an  high  anisotropy  in  the  lowest  phonon  branches 
which  can  be  related  to  the  existence  of  strong  correlations  along  the  <1(X»  axes 
between  the  large  motions  associated  to  the  soft  modes.  Recent  infrared  reflectivity 
measurements  2  clearly  show  the  softening  of  the  lowest-frequency  Fju  phonon  with 
decreasing  temperature  in  the  entire  range  of  the  cubic  phase  (425“C<T<910“C) . 

Lattice-dynamical  calculations  are  carried  out  for  the  cubic  (O1  space  group) 

n 

and  the  tetragonal  (cjv  space  group)  phases  in  order  to  explain  the  main  experimental 
features.  The  aim  of  this  paper  is  to  show,  for  the  first  time,  that  the  dispersion 
curves  for  both  phases  can  be  described  satisfactorily  by  the  same  harmonic  model . 

2.  Description  of  the  model.  -  In  this  work  for  the  cubic  phase  we  use  the  model 
deve lopped  by  Cowley3  for  SrT103  with  axially  symmetric  short-range  force  constants 
A  and  B  between  nearest  neighbours  (K-0,  Hb-O,  0-0) .  In  addition  we  allow  an  aniso¬ 
tropy  in  the  oxygen  core-shell  coupling  constant  k(0)  as  previously  suggested  by 
Nigoni  et  al.1*  for  both  SrTiOj  and  KTaOj.  Therefore  the  components  of  the  tensor  k(O) 
in  the  directions  of  neighbouring  K  and  Nb  ions  are  denoted  k(O-K)  and  k (O-Hb)  respec¬ 
tively.  This  leads  to  a  IS  parameters  model  for  the  cubic 
phase  (Table  1 ) . 

Since  the  systry  is  lower  in  the  tetragonal  phase 
(Figure  1),  the  number  of  parameters  isr  in  principle, 
larger  than  in  the  cubic  phase.  Using  siaple  geometry  argu¬ 
ments  we  are  able  to  derive  the  parameters  of  the  tetragonal 
phase  from  those  of  the  cubic  structure.  Consequently,  the 
short-range  constants  of  the  tetragonal  phase  are  expressed 
as  functions  of  the  lattice  parameters  c  and  a,  of  the  Fig. 
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spontaneous  ionic  displacements  S,  measured  by  Bewat5 ,  and  of  the  set  of  parameters  A 
and  B,  already  defined  in  the  cubic  phase.  Furthermore,  in  the  tetragonal  phase,  we 
distinguish  two  kinds  of  oxygen  ions,  0^  (located  on  the  polar  axis  passing  through 
the  Nb  ion)  and  j  or  0 ; .. .  (in  the  plane  perpendicular)  .  Consequently  we  allow  the 
parameter  klO^-Nb)  to  be  different  from  the  parameters  klO^-Nb)  and  k(O^-Nb). 

3.  Results  and  discussion.  -  For  the  tetragonal  phase,  the  dispersion  curves  are  cal¬ 
culated  with  parameters  adjusted  to  the  results  of  inelastic  neutron1  and  Raman6 
scattering  measurements.  The  experimental  data  are  quite  satisfactorily  reproduced 
by  the  model  calculations  (Fig.  2)  except  for  the  Aj  (TOkbranch  near  the  zone  boundary 
This  failure  may  be  due  to  the  large  anharaonic  coupling  between  acoustic  and  soft 
optic  phonons  in  this  direction.  The  strong  anisotropy  in  the  lowest  dispersion 
branches  is  interesting  to  notice  together  with  an  anticrossing  and  eigenvector  ex¬ 
change  between  optic  and  acoustic  Aj  branches,  which  take  place  approximately  at  1/3 
of  the  Brillouin  zone  edge .  The  soft  E  (TO)  phonon  at  q=0  is  essentially  characterized 
by  a  large  vibrationnal  amplitude  of  the  niobium  ion  relative  to  the  oxygen  ion  loca¬ 
ted  along  the  mode  polarization  direction.  Moreover  the  Einstein  oscillator  response 
of  this  mode  in  the  whole  Brillouin  zone  confirms  the  presence  of  dynamical  correla¬ 
tion  chains  Nb-O-Nb  directed  along  the  flOo]  and  [oioj  axes1 .  This  shows  the  validi¬ 
ty  of  the  linear  chain  model  for  describing  the  soft  mode  behaviour  in  perovskites, 
as  emphasized  by  Bilz  et  al.7  for  KTaC>3 . 

For  the  cubic  phase,  the  phonon  branches  are  obtained  with  the  parameter  va¬ 
lues  previously  used  in  the  tetragonal  phase,  except  for  the  coupling  k(O-Nb) 

(Table  1) .  In  figure  2  the  calculations  are  compared  with  the  experimental  data  of 
Nunes  et  al.®  In  addition  to  the  large  anisotropy  in  the  phonon  dispersion  surface, 
we  can  also  note  the  softening  of  the  lowest  Fju  phonon  with  a  relatively  slight 


Figure  2  :  Calculated  dispersion  corves  of  KNbOj  in  the  tetragonal  and  cubic  phases 


compared  with  experimental  data  of  Refs  1,6  and  Ref. 
curves  correspond  to  k(O-Nb)  «  131 
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Table  1  :  Shell  model  parameters.  The  values  into  brake ts  correspond  to  the  cubic 

phase. 
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change  in  the  value  of  k(O-Nb) .  The  other  zone-centre  modes  are  nearly  insensitive  to 
this  variation. 

At  the  cubic-tetragonal  phase  transition,  therefore,  the  splitting  and  the 
frequency  shift6  of  these  phonons  depend  only  on  the  geometrical  effect  in  the  force 
constants.  On  the  contrary,  the  large  separation  of  the  FE  soft  Fju  phonon  into  a 
soft  E  component  (1.55  TBz)  and  a  hardened  A}  (8.35  THz)  essentially  originates  from 
a  kfO^j-Nb)  value  larger  thin  kJO^-Nb)  (Table  1). 

All  these  results  emphasize  the  role  of  the  intraionic  oxygen  polarizability 
in  the  phase  transition  mechanism  of  KHbOj.  This  polarizability  is  dynamically  enhan¬ 
ced  by  the  hybridization  of  oxygen  2p  states  with  niobium  4d  states9  in  the  direction 
of  the  chain  like  coupling  Nb-O-Nb.  This  leads  to  a  softening  of  the  lowest  cubic 
Flu(TO)  and  tetragonal  E (TO)  modes.  At  the  phase  transition,  the  disappearance  of 
the  [ooi]  correlation  due  to  the  asyametry  of  the  Hi-0 — Mb  bound  is  related  to  the 
abrupt  change  in  the  value  of  k(O-Nb)  along  the  polar  direction,  and  therefore  to 
the  stabilization  of  the  ferroelectric  Ai (TO)  component. 

In  order  to  specify  the  behaviour  of  the  oxygen  polarizability,  calculations 
with  a  model  including  the  temperature  dependence  of  the  soft  mode  are  actually  in 
progress . 
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ON  THE  Si-O-Si  BOND  ANGLE  IN  a-  AND  B “QUARTZ 

#  *  ## 
B.  Corner  ,  H.  Boysen  ,  F.  Frey  and  H.  Grimm 

ILL  Grenoble,  France 

*Inst.  f.  Frietallographie,  Univ.  Mtinahen,  P.8. G. 
**IFF-KFA  Jillich,  F.R.G. 


Abstract.-  The  structural  change  from  a  to  B-quartz  is  accompa¬ 
nied  by an  enlargement  of  the  Si-O-Si  bond  angle  with  increasing 
temperature .  At  the  same  time  the  Si04  tetrahedra  shrink.  The 
speculative  explanation  is  that  with  increasing  temperature  the 
electron  density  on  the  Si  atom  adopts  some  d-type  components. 
The  soft  mode  at  r  and  another  strongly  temperature  dependent 
mode  at  M  reflect  the  structural  changes. 


Quartz  undergoes  a  structural  phase  transition  of  first  order  at  573°C 
from  a  trigonal  a-phase  to  the  hexagonal  6-phase .  The  r-point  soft  mode 
in  a-quartz  and  its  temperature  dependence  was  observed  by  Baman 
scattering  /I, 2/.  An  eigenvector  determination  /3/  confirmed  that  the 
mode  at  6.25  THz  at  room  temperature  has  the  displacements  as  expected 
from  the  structural  change  /4/  for  the  soft  mode. 

Grimm  and  Doraer  /5/  conceived  a  model  of  regular  rigid  S104  te¬ 
trahedra  assuming  that  the  tedrahedra  stay  undeformed  at  all  temperatures. 
The  a-phase  is  produced  out  of  the  6-phase  by  rotations  of  the  tetra¬ 
hedra  around  two-fold  axes  which  are  parallel  to  the  hexagonal  plane. 

The  tilt  angle  S  can  be  interpreted  as  the  order  parameter.  The  order 
parameter  connected  to  a  first  order  phase  transformation 

-  f  t*[4  *  ] 

was  fitted  to  the  structural  data  /4/.  Here  TQ  is  the  temperature  at 

which  the  phase  tranformation  occurs.  At  T  ■  T  the  coefficient  of  the 

c 

quadratic  term  in  a  Landau  expansion  of  the  free  energy  goes  to  zero. 
4Qis  the  step  in  the  order  parameter  which  appears  at  TQ.  There  are 
two  parameters  to  be  fitted) «  -  7.3°  and  T  -  T  “  10°C.  This  model 
is  very  successful  as  it  describes  the  structural  parameters,  one  for 
Si  and  three  for  0,  versus  temperature  very  well.  The  components  of 
the  eigenvector  of  the  soft  mode  at  room  temperature  as  determined  ex¬ 
perimentally  /3/,  could  be  calculated  in  perfect  agreement  including 
the  coupling  of  the  secondary  order  parameter.  But  the  temperature  de¬ 
pendence  of  the  lattice  constants  a  and  c  /6/  differs  strongly  from  the 
predictions  of  the  model,  see  Fig.  1. 
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Fig.  1:  Lattice  expansion. 

—  model  /5/  of  rigid  Si04 
tetrahedra, in  6 -quartz  for  the 

disordered  structure;  - 

for  the  ideal  8- phase*  -  ex¬ 

perimental  data  /6/, 
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Apparently  the  lattice  expands  less  than  predicted  from  the  model. 

Note  that  the  usual  thermal  expansion  by  anharmonicity  is  nrft  con¬ 
sidered  by  the  model.  As  the  structure  is  built  up  by  corner  connected 
tetrahedra,  the  only  possible  conclusion  is  that  the  tetrahedra  shrink 
with  increasing  temperature.  Obviously  the  deformation  of  the  tetrahe¬ 
dra  is  anisotropic  and  much  stronger  for  components  contributing  to  c. 

Another  important  feature  is  the  bond  angle  (BA)  Si-O-Si  being 
143.6°  at  room  temperature  and  having  a  maximum  possible  within  the 
quartz  structure,  with  153. 1J  in  the  ideal  0-structure.  The  soft  mode 
in  the  8-phase,  overdamped  at  all  accessible  temperatures  /3/,  has  an 
eigenvector  which  leaves  the  tetrahedra  rigid  and  does  not  vary  the  BA. 

This  means  that  adjacent  tetrahedra  move  only  perpendicular  to  the  Si- 
O-Si  plane  with  a  small  restoring  force. 

Recently  we  discovered  another  strongly  temperature  dependent  aiode 
at  the  M  points  /7/.  It  softens  from  3.61  THz  at  room  temperature  to 
0.82  THz  in  the  8-phase .  An  eigenvector  determination  revealed  that 
this  mode  in  8-quartz  leaves  the  SiO^  tetrahedra  rigid  and  does  not  , 

bend  the  BA  just  like  the  real  soft  mode. 

Model  calculations  /8 /  included  this  bond  angle  force  (essentially  1 

a  three  body  force)  by  a  central  force  between  Si-Si  atoms.  A  calcu-  j 

latlon  of  the  temperature  dependence  for  the  soft  mode  and  for  the  mode  j 

at  the  M-point  /8/  was  performed  by  using  the  force  constants  as  fitted 
at  room  temperature  /9/  and  inserting  atomic  positions  corresponding 
to  the  structure  at  each  temperature.  The  calculated  modes  soften  with  j 

increasing  temperature.  An  inspection  of  the  calculated  eigenvectors  \ 

showed  that  the  Si-Si  displacement  got  smaller  with  increasing  tempera¬ 
ture,  this  means  that  the  BA  has  smaller  amplitudes  at  higher  tempera¬ 
ture.  Only  in  the  8 -phase  the  two  modes  do  not  bend  the  BA  in  the 
Si-O-Si  plane. 

Very  probably  the  Si-O-Si  bonds  play  a  dominant  role  in  the  struc-  j 


I 


C6-754 


JOURNAL  DE  PHYSIQUE 


tural  changes  of  quartz.  It  has  been  suggested  /10/  that  the  electron 
density  on  the  SI  atom  may  change  with  temperature  such  that  from  the 
basic  sp3  hybridisation  some  density  becomes  d-type.  The  d-type  compo¬ 
nents  would  built  *-bonds  to  the  oxygen  p-electrons  leading  to  a  180° 

BA  while  the  sp3  hybridisation  would  produce  o-bonds  leading  to  a  BA 
near  90°  if  the  structure  would  allow.  This  speculation  explains  why  the 
BA  increases  to  a  maximum  with  temperature.  The  maximum  (extremum)  of 
the  BA  is  connected  to  a. higher  symmetric  phase.  Thus  there  has  to 
appear  a  phase  transformation  and  as  it  is  a  displacive  one,  we  expect 
a  soft  mode.  The  driving  mechanism  is  the  electron  density  on  the  Si- 
atom.  The  speculation  does  not  explain  why  the  8-phase  has  a  slightly 
disordered  structure  /II/  with  a  BA  >  150.1°  rather  than  153.1°.  On 
the  other  hand  this  increasing  contribution  of  w-bond  character  ex¬ 
plains  the  fact  that  the  tetrahedra  shrink  with  increasing  temperature 
because  the  w-bond  tightens  the  Si-0  bond. 
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DYNAMICS  IN  DISPLACIVE  PHASE  TRANSITIONS 

R.  Englman 

Israel  Atomic  Energy  Commission,  Soreq 
Nuclear  Research  Center,  lavne,  Israel 


Aba tract.-  First  passage  rates  of  an  Interacting,  enharmonic  system  of 
phonons  (soae  of  which  are  unstable,  soft)  are  calculated  as  function  of 
te^erature.  The  classical  equations  of  motion  are  amended  by  a  non¬ 
local  term  representing  tunnelling. 

(1  2) 

1.  Introduction.-  Studies  *  of  the  approach  of  large  systems  to  a  new  configu¬ 
ration  present  pictures  of  a  limited  nuaber  of  degrees  of  freedom  (soft  modes) 
that  have  several  points  of  stability  and  are  in  interaction  with  other  (hard) 
degrees  of  freedom  or  with  a  random  force-field.  The  theoretical  methods  utilize 

Fokker-Planck  or  master-equations.  Experimentally  soft  mode  dynamics  have  been 

(3) 

investigated,  e.g.  by  Raman  scattering.  Times  of  passage  to  the  new  equilib¬ 
rium  point ^  vary  widely,  between  10° -10®  times  inverse  lattice  frequencies,^ 
and  the  factors  that  influence  this  variation  are  of  interest. 

For  phonon-physics  and  in  studies  of  dlsplaclve  first  order  transitions  (as 
in  Cu  or  Fe-doped  spinels)  theories  of  fluctuation-induced  phase-transitions  are 
insufficiently  productive  since  (a)  they  treat  mainly  the  vicinity  of  the  bifur¬ 
cation  point,  whereas  most  of  the  passage  time  is  taken  up  far  from  this  point  and 
(b)  quantum  mechanical  tunnelling  is  not  included  in  the  classical  studies. 

2.  Description.  -  Our  treatment  (which  follows  on  a  previous  work^)  is  for  a 
monatomic,  anharaonlc  lattice  which  is  unstable  in  some  low-frequency  modes.  The 
■odes  are  admixed  by  qxqxq-type  enharmonic  terms  whose  strengths  are  about  .1 

in  units  of  zero  point  motion,  the  mode  mixing  operating  among  adjacent, as  well  as 
within,  wave-number  shells  end  are  critical  for  the  transition.  In  our  computa¬ 
tion  the  Brlllouin  sons  is  divided  into  cells,  numbering  up  to  10®.  The  soft  modes 
possess  cubic  tarns  (of  strengths  .02-. 06)  whose  physical  effect  on  the  passage 
resettles  that  of  a  second  minima  (see  Fig.  1).  In  the  equations  of  motion  of 
the  soft  nodes  we  add  to  the  kinematic  velocity  a  tunnelling  term 

vt  “  (Bn/M)**  axpt-Q^^-V)  ] 


(1) 
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where  u>  Is  the  (harmonic)  soft  node  frequency,  M  the  atomic  mass,  V  the  local 

potential  and  V  the  height  of  the  maximum  in  the  potential  being  a  function  of 
max 

the  remaining  coordinates.  The  exponential  form  is  exact  in  the  WKB-approximation 
for  a  parabolic  barrier. ^  Initial  conditions  for  the  modes  at  their  minima 
assume  a  thermal  distribution  in  the  velocities  squared. 

3.  Results . -  First  passage  rates  have  been  calculated  for  a  monatomic,  Debye-type 

lattice  having  dynamic  properties  and  mean  mass  equal  to  those  of  MgO.  As  is  well 

(2) 

known,  the  rates  depend  heavily  on  the  Initial  conditions  and  emphasis  is  placed 
on  fast  passage  conditions  (leftward  initial  velocities) .  Rates  shown  in  Fig.  2 
as  function  of  temperature  T  are  those  for  soft  modes  occupying  about  1.5Z  of  the 
Brillouia  some.  To  teat  the  effect  of  the  tunnelling,  Eq.  (1),  calculations  were 
also  made  for  a  lattice  whose  mean  mass  is  reduced  by  20,  i.e.  for  a  proton  lattice 
with  the  bonding  properties  of  MgO.  Down  to  1.2°K  (•*  .8  cm  the  effect  of 
tunnelling  on  the  transition  is  small  but  is  still  distinguishable  below  20°K. 
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/ 


Mode  displacement  (q) 


Fig.  1.-  Fans  of  potentials  used  for  soft  modes  (full  curve)  and  hard  modes 
(dotted  curve) .  The  broken  curve  Is  a  cubic  approximation  to  the  soft-mode 
potential. 


TOO 


Fig.  2.-  Phase  transition  rates  (In  units  of  sound-velocity  over  lattice  spacing) 
for  an  unstable  (mass  averaged)  NgO-type  lattice  (full  line  '  and  for  the  same 
lattice  «Hth  pfoton  mtaaaa  (dram  by  broken  line)  in  which  tunnelling  la 
perceptible. 
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PHONON  INDUCED  ANOMALOUS  RESISTIVITY  IN  STRUCTURAL  PHASE  TRANSITION  OF 
PbSnTe 
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High  Pressure  Research  Center,  Polish  Academy  of  Sciences,  Moreau,  Sokoiouska 
29,  Poland 

*  Department  of  Physics,  Osaka  University,  1-1  Maahikane-yama,  Toyonaka,  660 
Japan 

Abstract.-  We  report  an  anomalous  electrical  resistivity  incre¬ 
ment  Ap  on  PbSnTe  near  the  vicinity  of  the  structural  phase 
transition  temperature  Tc.  Applying  hydrostatic  pressure  lowers 
Tc  and  leads  to  a  decrease  of  Ap.  It  is  reasonably  interpreted 
that  Ap  is  due  to  the  free  carrier  scattering  from  the  soft  TO 
phonon.  The  observed  initial  slope  of  Tc  with  increasing  pres¬ 
sure  is  also  discussed  by  using  the  Littlewood  formula. 


1.  Introduction . -  The  IV-VI  compound  semiconductors  such  as  (Pb,Ge,Sn)- 
Te  alloys  exhibit  a  structural  phase  transition  from  rocksal t  struc¬ 
ture  to  rhombohedrally  distorted  structure.1  The  softening  of  the 
transverse  optical  (TO)  phonon  at  q-0  indicates  the  structural  insta¬ 
bility  in  the  ;  small  gap  materials.  A  sequence  of  recent  experiments 

have  elucidated  the  nature  of  instability  associated  with  the  inter- 

2 

band  electron- phonon  coupling.  In  particular  PbSnTe  has  attracted  our 
attention  on  the  "zero"  gap  nature  as  well  as  on  the  phase  transition. 
The  purpose  of  present  paper  is  to  report  the  electrical  transport 
measurements  on  Pbj_xSnxTe  (x=Q.44f  0.54,  0.80  and  0.86)  from  4.2  to 
150  K  by  applying  hydrostatic  pressure.  From  the  anomalous  portion  of 
resistivity  near  Tc  under  pressure,  we  explore  the  pressure  dependence 
of  Tc  as  well  as  the  free  carrier  scattering  mechanism  giving  rise  to 
Ap. 

2.  Experiments.-  Measurements  of  Hall  coefficient  and  resistivity  p 
were  made  for  solution  grown  single  crystal  by  using  the  technique  of 
helium  gas  compression  to  produce  the  hydrostatic  pressures.  Details 
of  crystal  characterization  were  given  elsewhere.3'4 

3.  Results  and  Analysis.-  Since  K Obayashi  et  al.5  found  a  resistivity 
anomaly  near  100  K  in  SnTe,  many  authors  have  investigated  the  anoma¬ 
lous  increase  in  p(T)  on  PbSnTe3'*  and  PbGeTe®  near  T  .  Suski  et  al.^ 

c 

have  observed  Ap  in  PbSnTe  by  applying  pressure.  In  Fig.l,  as  a  typi¬ 
cal  example,  we  show  p(T)  vs.  temperature (T)  in  PbQ  5gSnQ  ^Te  with 
carrier  concentration  p>2.3  * 1019cm-3  at  four  different  pressures. 

I 
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Fig.  1  :  p  vs.  T  at  four  pressures 


Fig.  2  :  Temperature  dependence  of 
Ap  at  four  pressures.  Solid  lines 
and  denote  calculations  and 
experiments  which  are  obtained  by 
subtracting  the  smooth  background 
from  p  in  Fig.  1. 


There  appears  a  prominent  cusp- like  anomaly  Ap  for  each  pressure.  The 
lowering  peak  shift  with  increasing  pressure  corresponds  to  decrease 

Q 

of  Tc.  According  to  earlier  theoretical  analysis  on  SnTe  ,  Ap  in  FbSnTe 
may  also  be  due  to  the  carrier  scattering  from  the  soft  TO  mode.  Explic¬ 
it  form  of  resistivity  by  the  TO  phonon  scattering  pto  is  given  by8 


TO 


2  2 

15p  e  kBT 


N<V‘ 


:(mro,2>  1, 


dnn  n(u)TO(kFn))  U+n(wT0(kFn))],  (l) 


where  i*  the  TO  phonon  frequency  as  u^Cq) 


“TO<« 


+  Aq 


N (Ej.)  and  n^,  respectively,  are  the  Fermi  wave  number,  the  density  of 
state  at  the  Fermi  level  E_  and  the  matrix  element  invloving  the  inter- 
band  electron-phonon  deformation  potential  -cv*  w*  U8e<*  »  high  tem¬ 
perature  expression  for  the  Planck  distribution  function  as  n(u>)  «k^1Vt»u) 

in  Eq.(l),  pTO  is  proportional  to  T. 
Figure  2  shows  the  calculated  PTO  by  Eq. 
(1)  and  the  experimental  points  from 
Fig.l  as  a  function  of  T  at  four  pres¬ 


sures  on  Pb, 


0.56Sn0.44 


,Te.  The  value  of 
-6 


\*  \//K  is  estimated  to  be  2.44  *  10 


cv_, 

eVcm  sec  which  is  obtained  by  fitting 
PTO  with  Ap  at  1  bar.  The  overall  fea¬ 
ture  in  Ap  is  well  reproduced  by  so 
that  Ap  mainly  comes  from  the  soft  mode 
scattering.  Note  that  the  cusp-like 
anomaly  around  Tc  in  PTO  is  produced  by 


the  mean  field  behavior  of  to, 


TO 
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o>;?L-a(T-T  )  for  T>T  and  w£=2a(T  -T)  for  T<T  .  In  Fig. 3,  we  plotted 
Ap  at  Tc;  Ap(Tc)  vs •  pressure  for  all  samples.  Hie  solid  curves  denote 
the  calculations  by  using  P^(Tc*"9Tc  with  the  observed  values  of  Tc. 
g  is  adjusted  for  each  curve  to  agree  with  Ap  at  1  bar.  We  ignored  the 
pressure  dependence  of  the  energy  gap  Eg,  effective  mass  m*  and  A  %*iich 
give  g  in  some  combination.  This  approximation  may  be  permitted  as  long 

as  we  are  concerned  with  the  carrier 

19  -3 

concentrations  higher  than  10  cm  as 

well  as  low  pressure  less  than  1  Kbar. 

We  can  see  a  good  correlation  between 

data  and  calculations.  There  appears  a 

small  discrepancy  above  0.5  Kbar  which 

may  be  attributed  to  our  ignoring  of 

the  pressure  dependence  of  R^,  m*  and  A. 

In  Fig. 4,  we  summerized  Tc  vs.  tin 

compositions  x  at  0.001,  1  and  1.5  ltoar 

in  the  four  compositions  with  adding  T _* 

5  c 

98.5  K  in  SnTe  at  1  bar.  When  we  do  not 
have  data  just  at  1  and  1.5  Kbar,  the 
values  estimated  by  inter-  and  extrapo¬ 
lation  are  plotted.  The  observed  initial 
FUtA:  Tc  vs.  x  under  pressure.  slQpe  of  ^  with  increa.ing  pressure  are 

estimated  to  be  -14.5,  -15.1,  -13.4  and  -15.0  K/Kbar  for  x-0.44,  0.54, 

9 

0.80  and  0.86,  respectively.  According  to  the  Littlewood  formula  ,  dTyflp 
for  x~0.44,  0.54,  0.80  and  0.86,  respectively,  are  -12.5,  -U.6,  -11.8  and 
-11.9K/Kbar.  The  trend  and  order  of  magnitude  agree  well  with  experiments. 

In  conclusion  we  reemphasize  that  the  observed  behavior  of  Ap  under 
pressure  in  PbSnTe  near  Tc  is  well  understood  by  assuming  the  soft  TO 
phonon  scattering  with  i»TO  described  by  the  mean  field  scheme. 

The  important  contribution  of  Dr.M.Baj  is  gratefully  acknowledged. 
One  of  us  (S.K. )  thanks  Prof .K.Murase  for  his  fruitful,  die  cuss ions.  We 
are  also  indebted  to  Drs.  K.L.l.Kobayashi  and  K . F . Komsteubara  for 
supplying  specimens. 
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Abstract."  has  been  studied  to  investigate  the  effect  of  disorder 

on  the  structural  phase  transition  at  186  K  in  KMnF3.  This  transition  was 
found  at  ~  130  K  in  KMn o.8SN10.15F3  was  not  observed  in  other  crystals 
having  x  >  0.5.  Disorder  mainly  affects  I£  and  not  the  phonon  behaviour. 
Present  results  are  consistent  with 'a  linear  extrapolation  of  T  ,to  0  K  at 
x  -  0.5.  c 


1.  Introduction.-  The  presence  of  defects  can  substantially  alter  structural  phase 
transition  temperatures.  Although  the  origins  of  this  change  are  poorly  understood 
it  is  turn  believed  that  defects  Influence  phase  transitions  in  different  ways 
depending  on  the  sign  of  the  specific  heat  exponent. 1  He  have  investigated  the 
disordered  system  KMn ^Hi^F  3  where  the  critical  properties  should  be  the  same  as 
those  of  pure  KKnF 3,  which  possesses  two  structural  phase  transitions. 2 

2.  Experiment  and  Results.-  Raman  measurements  were  performed  on  several  alloys 
following  the  procedure  given  in  Ref.  3.  The  Incident  and  scattered  beans  were 
directed  along  the  cubic  principal  axes  (X  and  Y,  say). 

A  structural  phase  transition  was  observed  in  only  one  (x  -  0.15)  of  tbs  mixed 
crystals  studied  at  ta aperatures  >  5  K.  Low  temperature  spectra  for  this  crystal 
are  shown  In  figure  )■  Spectra  is  off-diagonal  polarisations  were  essentially 
identical  because  of  domain  induced  nixing.  The  broad  peaks  near  330  and  165  cm-1 
atlas  from  two-mngnon  excitations3  while  those  to  lower  frequency  (near  25  and 
70  cm*1)  are  probably  two-phonon  banu*.  The  narrow  lines  are  assigned  to  flrst- 

'  ’-V.  i  *  ,  ■ 

order  phonon  scattering  (see  table  1).  The  127  and  238  cm*1  lines  in  off-diagonal 
polarisation  are  too  strong  to  be  attributable  to  depolarisation  of  lines  at 
similar  frequencies  lit  the  (ZZ)  spectrum.  All  at  these  lines  diminish  in  intensity 
and  eventually  vanish  with  increasing  ta^erature  as  la  shown,  for  example,  in 
figure  2.  These  reMlts  Heats  T^  »  130  t  5  X.  The  peak  frequency  ef  the  soft 
mods  at  17 .6  cm-1  renoraallses  relatively  slowly  at  first  with  Increasing 
temperature  but  Is  overdamped  by  60  K  (see  flgire  5(a)  of  Raf.  3).  This,  together 
with  the  low  frequency,  made  It  difficult  to  extract  a  detailed  temperature 
dependence.  The  remaining  modes  shift  little  in  frequency  with  Increasing 
tesperatare. 
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Table  1.  Assignments  and  peak  frequencies  (cm-1)  of  Raman  active 
modes  in  tetragonal  KHn  3. 


Assignment 


x  “  03  x  "  0.15 

(100  K)  (6  K) 


y 

1 


20.5  (ZX) 

- 

62 

(ZZ) 

17.4 

(ZZ) 

116 

(ZX) 

127 

(XY+ZY) 

124 

(YY) 

127.9 

(ZZ) 

227.5  (ZX) 

238 

(XY+ZY) 

231 

(YY) 

238.2 

(ZZ) 

327.5  (TX) 

340.5 

(XY+ZY) 

3.  Discussion.-  Comparison  with  results  obtained  from  pure  Bln?  3  (see  table  1) 
indicates  that  the  130  K  phase  transition  in  KHn0.85Ni|_  derives  from  the  same 
cubic-tetragonal  phase  change  associated  with  condensation  of  the  cubic-phase  R1S 
modes.3  The  intensity  of  the  hard  mode  at  2)8  cm*1  has  a  similar  reduced 
temperature  dependence  to  that  found  for  the  analogous  line  in  KMnFj3  and  provides  a 
meaeure  of  the  order  parameter.  The  soft  nodes  in  KMnFj  and  XHng  ^  gs^lg .  IS' 3 

also  have  a  similar  temperature  dependence.  Furthermore,  the  hard  and  aoft  made 
damping  for  x  “  0.15  Is  colorable  with  that  found  for  x  “  0.  Thus  the  critical 
properties  of  the  mixed  crystal  are  the  Same  aa  those  of  pure  ZMnFj,  as  predicted  by 
theory.  The  main  effect  of  disorder  appears  aa  a  lowering  of  the  phase  traasition 
temperature  and  a  smaller  anisotropy  in  i2|  -'Rg  made  frequencies,  implying  an 
increased  resistance  against  R1S  mode  softening.  Present  results  ere  consistent 
with  a  linear  extrapolation  of  T^  from  186  K  at  x  ■  0  to  0  X  at  x  *  0.5,  as  la  shown 

in'  flgin  3. 
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In  a  number  of  works  /1-3/  anomalous  Increasing  of  the  central  peak 
intensity  was  found.  One  of  the  reasons  of  this  anomaly  may  be  a  dy¬ 
namical  effect  A,5/i  caused  by  the  softening  of  one  of  the  vibra¬ 
tions  of  crystal  lattice,  responsible  for  the  structural  phase  tran¬ 
sition  in  the  crystal. 

To  separate  these  effects  the  study  of  the  temperature  depend¬ 
ence  of  noncentral  peak  (G)1=:CJo~&>  where  O0  is  exciting  light 
frequency, ft  is  frequency  shift)  intensity  has  been  carried  out  in 
the  present  work.  The  value  of  the  frequency  shift  ft  remained  un¬ 
changed  during  scattered  light  registration  by  the  Raman  spectrome¬ 
ter  /6/.  So  the  gratings  of  the  spectrometer  are  in  a  fixed  position 
wham  the  temperature  is  changed.  We  call  spectra  obtained  by  this 
method  Isofrequency  spectra. 

Analysis  of  the  8S  isofrequency  dependence  may  be  carried  out 
using  the  general  theory  of  light  scattering  near  the  second  order 
phase  transition  point  A, V.  In  one  soft  mode  approximation  in  this 


theory  the  following  expression  for  the  RS  spectral  intensity  was 
obtained! 

3(n,T)=I(T) 

where  3 (ft, T)  is  the  observed 
ral  scattering  intensity, ft 0  and/*  are  corresponding  soft  mode  para¬ 
meters,  T  is  the  crystal  temperature.  Below  the  transition  point  ex¬ 


■rtbl-ffii- rW]  {1> 

spectral  intensity,  I(T)  is  the  integ- 


pression  (1)  may  be  written  as  follows! 

iU,x)=  Tujtfcfflhrw  <2> 

Bare,  Aq  is  the  corresponding  coefficient  in  the  thermodynamical  po¬ 


tential  decomposition  according  to  the  order  parameter,  X  =  0— T, 
9  is  phase  transition  temperature j  besides,  in  (2)  Instead  of  the 
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observed  spectral  intensity  reduced  spectral  Intensity 

““*4!  L(fl,x)  =  K-aisVIi  W) 

where  K  is  some  coefficient  independent  of  the  temperature. 

Fig. 1  shows  the  calculated  results  of  the  BS  isofrequency  de¬ 
pendence  according  to  (2),  obtained  for  the  frequency  values  £1.  =  1 , 
3,5  and  10  cm”1  for  certain  values  of  the  parameters  Aq  and  T .  This 
choice  of  the  parameters  corresponds  to  the  strongly  overdamped  soft 
vibration  for  -jr  —  20K.  As  one  can  see  from  Fig.1  dependencies 
under  discussion  have  a  well-expressed  maximum,  Xo  co-ordinate  of 
which  tends  to  zero  when  Q.  decreases.  At  the  same  time  intensity  of 
the  L(X0)  increases  and  the  width  of  the  corresponding  oon- 

toors  decreases  (see  Big. 1).  Experimental  results  of  the  isofrequen- 


i^ccA  units. 


ing  to  (2)  for  frequency 
valuesft  A3, 5  and  10wp 


leof requuncy  depen¬ 
es,  calculated  accord- 
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Fix.  3.  Observed  isofrequency  depen¬ 
dencies  of  BS  intensity  3(Sl,T)  in 
quarts  crystals}  0  =  846K. 


the  scattering  intensity  is  observed  when  the  crystal  temperature 
approaches  the  phase  transition  point.  Maximum  of  the  intensity  is 
observed  at  T  ^  9;  the  less  is  SI  the  nearer  to  the  transition  point 
is  the  position  of  maximum  (in  Fig.  2,3  shown  on  the  right).  Beside 
this,  at  the  phase  transition  point  in  quarts  additional  sharp  maxi¬ 
mum  ia  observed  for  small  values  SI.  This  maximal  appears  to  be  of 
static  origin.  Oh  the  whole,  the  dependencies  observed  are  in  agree¬ 
ment  with  theoretical  values  (Pig. 1)  for  certain  values  of  /q and  ! 
parameters. 

Thus,  the  study  of  the  isofrequeney  Raman  scattering  spectra 
allows  to  reveal  dynamical  effects,  responsible  for  the  scattered 
light  intensity  increasing  and  to  obtain  quantitative  information  on 
soft  mode  parameters  in  the  direct  proximity  to  the  phase  transition 
point  in  the  crystal. 
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RAMAN  SCATTER I NS  STUDY  OF  LOW  FREQUENCY  PHONON  POLAR I TONS  IN  SEVERAL 
CRYSTALS 


S.  Kojina  and  T.  Nakamura* 

Institute  of  Applied  Physios ,  University  of  Tsukuba,  Sakura,  Ibaraki  305, 
Japan 

*The  Institute  for  Solid  State  Physios,  The  University  of  Tokyo,  Roppongi, 
Minato-ku,  Tokyo  108,  Japan 

Abstract.-  Dispersion  relations  of  low-frequency  phonon  polar- 
ItonS  have  been  investigated  by  the  near-forward  Raman  scatter¬ 
ing  technique.  The  results  of  measurements  are  given  Jt or  the 
crystals  Sr2Nb207,  LiTaO^  and  Gd2(MoO y 

1.  Introduction . -  Dispersion  relations  of  low-frequency  phonon  polar- 
itons  in  the  crystals,  which  undergo  structural  phase  transitions, give 
important  information  about  the  mechanism  of  the  transitions.  However, 
in  fact,  measurements  of  low-frequency  polaritons  require  observations 
of  near-forward  Raman  scattering  at  very  small  angles.  So  polariton 
peaks  are  obscured  by  the  wing  of  the  Rayleigh  line.  For  such  a  prob¬ 
lem,  the  iodine  filter  technique  has  been  used  to  reject  the  Rayleigh 
component .  In  that  case  complicated  compensations  are  required.  On 
the  other  hand,  the  recent  development  of  concave  holographic  gratings 
enables  a  double  monochromator  to  improve  the  stray  light  rejection  up 
to  10  14  (usually  10  10  12) .  In  this  work,  low-frequency  polar¬ 

itons  have  been  measured  by  the  combination  of  the  double  monochro¬ 
mator  and  the  optical  system  designed  for  this  purpose. 


2.  Bxperimentals . -  The  samples  were  excited  by  an  incident  beam  at 
5145A  from  Ar  ion  laser.  The  scattered  light  from  the  samples  was 
selected  by  a  stopper  with  two  cocentric  arc-shaped  symmetric  holes 
and  was  collected  onto  the  entrance  slit  of  a  double  monochromator 
(Jobin  Yvon  Ramanor,  Hg.2S).  The  detector  used  was  cooled  photomulti¬ 
plier  (HTV-R649S)  and  the  output  current  was  analysed  with  the  usual 
photon  counting  technique. 


3.  Results . 

3-1.  £r-Mb,0- 

*27  '  « '  ■<.  i.  .  :oi 

Strontium  Niobate  Sr^NbgO.^  is  one  of  the  A2*a°7  typ*  °xi4e  cost- 
pounds  pith  a  perovskite  slab  structure.  It  undergoes  a  ferroelectric 
phase  transition  at  about  1342*C  with  a  point  group  change  from  sssa  to 
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mm2  and  has  a  spontaneous  polarization  along  the  c-axis.1  At  about 

215®C,  another  transition  occurs  and  transforms  into  an  incommensurate 

phase  modulated  with  the  wave  vector  £=±(l-$)xa*  (where  a*  is  a  recip- 

2  i 

rocal  lattice  vector) . 

As  to  the  lattice  instability,  Kojima  et  al.  has  found  an  ampli¬ 
tude  mode  responsible  for  the  normal- incommensurate  phase  transition 
at  215°C  by  the  backward  Raman  scattering  technique.3  Namely,  a  mode 
located  at  44cm”1  in  b(cc)b  scattering  spectra  shows  softening  at 
first  with  increasing  temperature  from  room  temperature.  Next,  level 
repulsion  and  intensity  transfer  take  place  between  the  soft  mode  and 
another  mode  located  at  28cm-1.  With  further  increasing  temperature, 
the  lower  mode  begins  to  soften  toward  215°C. 

In  the  present  work,  near-forward  Raman  scattering  measurements 
have  been  made  for  studying  A^(z)  polaritons.  In  the  low  frequency 
region,  the  polariton  effect  has  been  observed  for  the  amplitude  mode 
located  at  44cm-1  and  the  mode  located  54cm"’1  at  b(cc)b+Aa  scattering 
geometry.  As  the  peak  at  54cm-1  approaches  to  the  peak  at  44cm-1  in 
the  spectra,  an  intensity  transfer  between  the  two  modes  occurs.  Then 
the  peak  at  44cm-1  tends  to  zero  in  decreasing  q.  No  anomaly  of  po¬ 
lariton  line  shapes  induced  by  a  coupling  to  another  lower  mode  at 
28cm-1  has  been  detected,  although,  in  the  case  of  temperature  depend¬ 
ence,  anti-crossing  between  the  mode  44cm  1  and  the  mode  at  28cm  1 
occurs.  The  absence  of  anti-crossing  in  polariton  dispersion  curves 
suggests  that  the  mode  at  28cm-1  of  Which  oscillator  strength  is  ex¬ 
tremely  weak  does  not  interact  with  photon. 

The  high-temperature  behavior  of  the  low  frequency  parts  in 
b(cc)b  scattering  spectra  has  also  been  investigated.  The  remarkable 
softening  and  the  line-broadening  of  the  mode  at  54cm  1  have  been 
clearly  observed  in  approaching  the  transition  point  1342 ®C. 

3-2.  LiTa03 

Litium  Tantalate  LiTaO^  is  one  crystal  of  technological  impor¬ 
tance.  It  undergoes  a  ferroelectric  phase  transition  at  about  620*C. 
Recently,  P anna  et  al.  reported  the  anomalous  leveling  in  the  low 
wave  number  region  of  the  A.  (z)  polaritons,  which  was  attributed  to 

A  4 

finite  propagation  lengths  of  polaritons.  The  propagation  length  of 
polaritons  was  introduced  by  Penna  et  al.  and  is  determined  by  the 
destruction  of  polaritons  due  to  domain  wall  distributions. 

The  lowest  branch  of  the  A^  (z)  polaritons  has  been  accurately 
measured.  Polariton  peaks  were  clearly  observed  in  the  region  wp  > 
14cm”1.  The  obtained  relation  wp  vs.  q  is  nearly  straight  in  the 
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region  q  >  100cm~^  and  such  an  effect  reported  by  Penna  et  al.  has  not 
been  observed. 

3-3.  Gd2<Mo04)3 

Gadolinium  Molybdate  Gd2 (MoC>4) 3  undergoes  a  ferroelectric  phase 
transition  at  about  160°C.5  Neutron  scattering  studies  have  shown 
that  above  there  is  a  doubly  degenerate  soft  phonon  at  Brillouin 
zone-boundary  (M  point)  associated  with  the  transition.  Fleury  re¬ 
ported  a  soft  mode  with  A. (z)  symmetry  at  about  46cm  1  at  room  tem- 

c  * 

perature.  He  found  by  the  single  damped  oscillator  fitting  that  the 
temperature  dependence  of  the  mode  frequency  is  not  remarkable , 
however,  the  line-width  of  the  mode  increases  rapidly  toward  with 
increasing  temperature. 

In  the  present  study,  the  polariton  effect  for  the  soft  mode  has 
been  investigated  at  room  temperature.  Near- forward  Raman  scattering 
measurements  have  been  made  at  a(cc)a+Ab  geometry.  With  decreasing 
the  polariton  vector  q,  the  anomalous  line-broadening  of  the  polar¬ 
iton  s  at  about  46cm-1  has  been  observed.  The  result  suggests  the 
strong  frequency  dependence  of  the  damping  factor  of  the  soft  mode. 

The  detailed  experimental  procedure  and  analysis  will  be  pub¬ 
lished  elsewhere. 
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Abstract.  -  Neutron  Inelastic  scattering  measurements  have  been  performed  ot 
two  single  crystals  of  the  thermally  quenched  y-phase  (fee)  alloy,  Fej_xPdx 
with  x  »  0.28  and  x  »  0.37.  The  x  _  0.28  sample  which  orders  ferromagneti- 
cally  at  Tc  -  375  K  exhibits  a  smeared  structural  transition  into  an  fet  phi 
near  Th  -  265  K.  An  anomalous  dispersion  of  the  [(C0]TA1  branch  due  to  the 
decrease  of  the  phonon  energy  around  the  r  point  develops  below  Tc.  As  the 
temperature  decreases,  the  branch  decreases  in  energy.  The  anomalous  part  of 
the  elastic  constant,  A.(Cn~Ci2)/2,  follows  the  same  temperature  dependence  as 
the  square  of  the  magnetization.  On  the  x  ■  0.37  sample  which  has  no  struc¬ 
ture  transition,  the  phonon  anomaly  is  much  weaker.  For  both  crystals  the 
other  branches  exhibit  normal  behavior.  . 


The  iron-baaed  Invar  alloys,  Fe^^Hi^,  Fa^Ft^,  and  Fe^  ^Pd^  undergo  a  marten¬ 
sitic  fee  to  bcc  first-order  phase  transformation  at  taatperature  well  below  the 
magnetic  ordering  temperature  T  .  The  lattice  dynamics  of  Fe  Ni  and  Fa,  Pt 

C  4  n  1”X  X  i“X  X 

alloys  have  been  extensively  studied  by  ultrasonic  *  and  Inelastic  neutron  scatter- 
3  A 

ing  techniques  *  with  the  goal  of  understanding  the  relationship  between  the  Invar 

properties,  the  magnetisation  if  and  the  martensitic -transition.  In  Hausch ' a  ultra- 
1  2 

sonic  study  of  Fe..  Ni  and  Fe.Pt  he  observed  an  anomalous  decrease  of  the  elastic 
xtx  x  j 

constants  C44  and  which  has  the  same  temperature  dependence  as  n  .  This 

was  explained  as  due  to  a  strain  dependent  exchange  coupling  in  the  Heisenberg  spin 
4  1 

system.  Bndoh  et  el.  also  observed  am  anomalous  behavior  of  yCC^-C^)  in  FeI  xNlx 
by  neutron  scattering  measurements,  but  emphasized  that  the  anomalous  pert  of 

varies  linearly  in  M.  Their  explanation  was  based  more  on  the  dynamical 
response  of  the  conduction  electrons  to  the  strain. 

-5.6 


on  Fs^_xPdx  alloys  have  shown  that  another  phase,  a  face- 


Recemt  msasursa 

centered  tetragonal  (fet)  phase,  exists  between  the  fee 


bcc  phases.  In  this 


paper,  we  report  on  the  lattice  dynamics  of  FSj  Pd^  studied  by  inelastic  neutron 
scattering  and  show  that  the  anomalous  part  of  follows  the  temperature 

dependence  of  M^. 


The  measurements  were  performed  on  two  single  crystals  of  Fe,xPdx  with  x  - 
0.37  ±  0.01  (crystal  1)  amd  x  ■  0.28  i  0.01  (crystal  2).  The  concentration  of  crys¬ 
tal  1  is  such  that  it  does  not  exhibit  any  structural  phase  transformation  below  the 
Curia  point.  Crystal  2  exhibits  an  fee  to  fet  transition  near  T^  -  265  X  but  because 
of  concentration  gradients  the  transition  in  smear sd  out  over  35  K.  in  addition,  a 

"ft*  leans  from  the  Institute  for  8olid  State  Physics,  The  University  of  Tokyo,  7-22-1, 
Boppongi,  Mineto-ku,  Tokyo  108,  Japan 
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Fig.  1.  Examples  of  Che  observed  pro-  Fig.  2.  Dispersion  of  the  [CtOjTAl  phonon 
files  of  che  [stO]TAl  soft  phonon  branch,  branch  at  various  temperaCures. 

bcc  phase  also  appears  at  lower  temperatures.  Because  of  this,  it  was  not  possible 
to  study  any  of  the  details  of  the  critical  dynamics  associated  with  the  martensitic 
transition  near  T^. 

Fig.  1  shows  the  observed  spectra  of  the  [CC0]TA1  phonons  for  £«  0.15  measured 
at  several  temperatures.  This  branch  corresponds  to  the  elastic  constant 
At  T  -  676  K,  which  is  greater  than  Tc  -  575  K,  the  spectrum  is  symmetric  and  rela¬ 
tively  narrow.  As  T  is  lowered,  the  frequency  decreases  and  the  linewldth  increases. 
This  is  opposite  to  that  expected  from  normal  enharmonic  processes.  The  small  q  por¬ 
tion  of  the  dispersion  curve  for  this  branch  is  shown  in  Fig.  2.  Above  Tc,  the  dis¬ 
persion  curve  is  linear.  As  T  decreases,  an  anomalous  upward  curvature  develops. 

We  can  compare  the  anomalies  in  ^(Cj^-C^)  to  the  magnetization  by  defining  the 
quantity  6*  -  f—  ^  where  u(T)  is  the  UcO]TAl  phonon  energy.  The  extra¬ 

polation  of  62  to  t-0,  62,  is  the  amount  that  the  elastic  constant  changes  below  T£. 
Fig.  3  shows  the  behavior  of  62  as  a  function  of  temperature.  This  is  compared  with 
M(T)  and  M2(T)  and  it  can  be  seen  that  the  anomalous  contribution  to  11118 

the  same  temperature  dependence  as  M2(T).  This  agrees  with  the  results  of  Haunch 

for  Fex  xNix  and  FejPt,  but  differs  from  those  of  Endoh  et  al.  on  Feo.65Ni0.35  where 
62  -u  M(T) . 

When  the  quantity  6  2  approaches  1,  the  elastic  constant  goes  to  0.  In 

Fig.  3,  the  extrapolation  of  62  to  unity  occurs  at  a  temperature  very  near  the  mar¬ 
tensitic  transition  temperature.  This  implies  that  the  coupling  to  the  magnetization 
which  is  responsible  for  the  phonon  softening  is  intimately  related  to  the  driving 
mechanism  of  the  fcc-fct  transition.  Evidence  to  support  this  comes  from  the  fact 
that  in  crystal  1,  x  -  0.37,  no  martensitic  (fcc-fct)  transition  occurs  and  the 
anomalous  phonon  behavior  is  much  weaker. 

Ho  significant  phonon  anomaly  has  been  observed  in  the  other  branches  for 
either  crystal.  In  both  crystals,  we  observed  a  large  increase  of  the  linewldth  of 


» 
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Fig.  3.  The  amount  of  the  softening  of 
the  elastic  constant  l/2(Cn-Ci2)  norma¬ 
lized  by  the  values  above  Tc  Is  shown. 
This  Is  determined  by  the  extrapolation 
of  6-2«ri-w2(T)/wJ(T>Tc)]-1  to  C-0.  The 
temperature  dependence  of  M  and  M2  Is 
shown  by  the  broken  lines. 

the  [CCOJTAI  phonons  as  T  decreases  be¬ 
low  Tc .  This  cannot  be  explained  by  a 
macroscopic  Inhomogeneity  of  x.  However 
a  coupling  of  the  phonons  to  some  other 
fluctuations,  such  as  spin  fluctuations 
or  charge  density  waves,  can  explain  the 
T  and  q  dependences  of  the  llnewidth. 7 
The  detailed  study  of  the  llnewidth  remains  a  future  problem. 
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Abstract.-  To  study  the  lattice  instability  of  lT-TiSe2,  phonon  dispersion 
curves  are  calculated  as  functions  of  teaperature  by  taking  into  account  the 
effective  ion-ion  interactions  caused  by  electron-lattice  interaction.  Proa 
the  standpoint  of  the  softening  of  phonon  frequency  we  conclude  that  one  of 
the  transverse  nodes  at  the  L  point  freezes  as  the  distortion  at  the  phase 
transition. 


1.  Introduction. 

Semimetalllc  lT-TiSe.  transforms  at  about  200  K  into  a  2a*2a*2c  superlattice 
1  L 

structure  that  is  described  as  the  condensed  state  of  one  of  the  transverse  phonons 
at  the  L  point  in  the  Brillouin  zone  (L.  (1)  mode).  Por  the  formation  of  the  super- 

2  3  1 

lattice  we  have  presented  a  theory  ’  which  is  based  on  the  band-type  Jahn-Teller 
mechanism,  and  we  have  emphasised  the  role  of  the  electron-lattice  interaction. 

For  several  lattice  distortions  described  by  wave  vectors  at  the  symmetry  points  in 
the  Brillouin  zone  we  have  calculated  the  generalised  electronic  susceptibility  x» 
in  which  the  wave  number  and  mode  dependences  of  the  electron-lattice  Interaction 
are  included.  He  used  the  electronic  band  obtained  by  the  tight-binding  fit  to  the 

4 

Z unger  and  Freeman's  band.  He  found  that  the  decrease  of  the  electronic  energy  due 
to  lattice  distortion  is  the  largest  for  the  (1)  mode  with  an  amplitude  ratio  of 
3:1  for  the  T1  and  Se  displacements.  This  result  is  consistent  with  the  observation 
by  neutron  diffraction.1  However,  since  the  phase  transition  would  occur  when  the 
decrease  of  the  electronic  energy  due  to  the  distortion  exceeds  the  increase  of  the 
lattice  energy,  the  study  of  the  lattice  dynamics  is  necessary  to  discuss  the  phase 
transition  in  more  detail.  In  this  paper  we  study  the  lattice  dynamics  of  lT-TiSe^ 
by  taking  account  of  the  effective  ion-ion  interactions  caused  by  the  electron- 
lattice  interaction.  He  calculate  the  phonon  dispersion  curves  as  functions  of  tem¬ 
perature  and  discuss  the  results  in  connection  with  the  structural  phase  transition. 

2.  Effective  ion-ion  interaction  caused  by  electron- lattice  interaction. 

By  using  the  adiabatic  approximation  and  by  calculating  the  second  order  pertur¬ 
bation  with  respect  to  the  electron- lattice  interaction,  the  effective  ion-ion  inter¬ 
action  is  obtained  as 

Veff  “  I  E  I  I 

4  q  y,v  o,6  ** 


(1) 
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where  a  and  0  are  Cartesian  coordinates  and  ujj(q)  denote  the  Fourier  amplitude  of 

the  o-component  of  tho  displacement  u.("i4r’6R.  )  of  the  yth  atoa  in  the  Ith  unit 
*  ty  M  X41 

cell.  XaP(Pv»<l)  1“  eq.  (1)  is  as  follows: 


X^PV.q) 


I  l  t- 

n,k  n’  E, 


F" 

nk 


4 -  gVa(nk,n'k-q,E°k)  [gve(nk.n’k-q.E^,)]* 

En*k-q 


+  -q  '  1  0 - g'^O'k.n'k+q.E^)  [g^Cnk.n’k+q.E^)  ]*}f  (E^) ,  (2) 

Enk  "  Kn'k+q 

where  E^.  etc.  are  the  band  energies  of  the  undistorted  lattice,  n  and  n'  specify 
nK  0 

the  bands,  f (E^)  is  the  Fermi  distribution  function  and  g  la  the  coefficient  of  the 
electron-lattice  interaction  given  by 

g^Cnk.n'k-q.E^)  -  ^“(nk.n'k-q)  -  E^n^nk.n’k-q) .  (3) 

£***  and  n^01  are  obtained  in  forms  that  include  the  derivatives  of  two-center  trans¬ 
fer  and  overlap  integrals  with  respect  to  u? , . ^ 

He  have  calculated  xaP(V'>»q)  for  T-0,  500,  and  1000  K  and  for  q-0  (r  point) , 

TA,  m,  -|tm,  IX,  and  -^AL.  y(or  v)-0,  1,  and  2  denote  the  Tl,  Sel,  and  Se2  ions  in 
the  unit  cell.  He  take -the  x-axis  along  the  I'M  line,  the  y-axi«  perpendicular  to 
the  I'M  line  in  the  c— plane ,  and  the  s-axis  perpendicular  to  the  cr-plane.  As  for  the 
derivatives  of  the  overlap  integrals  (denoted  as  (pdw) • ,  etc.)  and  those  of  the 
transfer  Integrals  (t'(pdir),  etc.),  only  pdv,  ppo,  ppir  are  taken  into  consideration, 
because  only  these  mainly  contribute  to  X*  For  (pdir)'  etc.  we  use  the  values  of 
1/«T  times  those  evaluated  by  using  the  Slater  functions,  t'(pdir)  ate.  are  now 
parameters  snd  we  taka  t '  (pdn)“  2  eV/A,  t '  (ppo)-  -  2t '  (ppir)-  -  3.5  eV/A.  Ha  show  in 
Fig.  1  the  calculated  temperature  dependence  of  the  yy-component  of  X  for  q*It  and 
rtf*  X77 (Ol.IX)  and  x77 (00.ru  are  most  sensitive  to  temperature  and  play  an  impor¬ 
tant  role  in  the  softening  of  the  L^  (1)  mods. 

000  cm'1)1 


Fig.l 

Tesqjerature  variation  of 
X77 (yv,q)  for  q-IX,  IX. 
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3.  Phonon  dispersion  curves. 

The  dynamical  matrix  is  assumed  to  be  the  sum  of  the  matrix  X  (pv,q)  obtained 
above  and  the  matrix  R^ipv.q)  for  short-range  forces  between  ion-cores.  In  the 
calculation  of  the  phonon  dispersion  curves,  we  do  not  use  X  of  the  whole  q  values 
but  introduce  instead  long-range  forces  between  ions  which  reproduce  the  calculated 
X  at  the  symetry  points  of  q«0,  I\A,  etc.  cited  above.  These  forces  are  found  non¬ 
central  and  temperature-dependent.  As  for  the  matrix  R  we  take  five  short-range 
potentials  4>01,  4>12,  ^2»  *00’  and  ^ll5  and  we  aPeclfy  these  potentials  by  several 
parameters.  We  determined  these  parameters  so  as  to  get  a  good  fit  to  the  observed 
transverse  phonon  frequencies^  at  the  r.  A,  M,  L  points.  The  phonon  dispersion 
curves  calculated  at  500  K  are  shown  by  solid  curves  in  Fig.  2.  The  agreement  with 
the  observation  is  reasonably  good.  The  dotted  curves  in  Fig.  2  show  the  results 
for  OK.  As  seen  from  the  figure,  all  frequencies  except  those  of  the  lowest  dis- 
persion  curve  along  the  n.  line  are  insensitive  to  temperature.  The  (1)  mode 
frequency  becomes  imaginary  at  0  K.  Thus,  we  coudude  that  the  (1)  mode  freezes 
as  lattice  distortion  at  a  certain  temperature  which  is  found  to  be  220  K. 


Fig. 2  The  transverse  phonon  dispersion  curves. 

Dots  denote  experimental  data  obtained  by 
Wakabayashi  et  al.® 
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OBSERVATION  OF  PRETRANS I T I ONAL  EFFECTS  ON  THE  SHAPE  OF  THE  E2 
(17  cm'1  )  OPTICAL  MODE  IN  6 -Agl  BY  RAMAN  SPECTROSCOPY 

E.  Cazzanelli,  A.  Fontana  ,  G.  Mariotto,  P.  Rocca*  and  M.P.  Fontana** 
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Abstract.-  Resonance  interference  between  the  E2(17  cm-*)  optical  node  and 
the  continuum  of  one-phonon  density  of  state  has  been  observed  in  B-Agl.  From 
a  fitting  of  the  E2  optical  mode  shape  with  a  "Pano"  formula  we  have  obtained 
the  temperature  behaviour  of  the  coupling  parameter  q  and  the  true  half-wid 
th  which  show  substantial  change  near  the  B-*a  transition  temperature. 


The  lattice  dynamics  of  Agl  has  been  extensively  studied  in  recent  years ^ .  On  par¬ 
ticular  interest  is  to  understand  the  vibrational  dynamics  near  the  superionic  tran¬ 
sition.  Since  the  ionic  conductivity  jump  at  T0  *  147°C  is  coupled  with  a  change 
in  the  crystal  structure^*)  it  is  reasonable  to  assume  that  phonons  play  an  impor¬ 
tant  role  in  driving  the  transition.  However  no  detectable  pre-transitional  effects 
have  been  observed  in  Raman  spectra  upon  approaching  TQ. 

The  nature  of  the  Raman  spectra  in  Agl  and  its  change  with  temperature  is  clearly  a- 
nomalous  and  has  been  the  subject  of  some  controversy.  Recently  we  have  shown  that 
the  anomalous  features  in  the  Raman  spectra  and  their  temperature  dependence  were 
connected  with  a' first  order  phonon  partial  density  of  states,  activated  in  the 


B-phase  by  a  local  low  temperature  desordering 
of  the  Ag+  ions .  In  Fig.  1  we  show  the  tern 
perature  dependence  of  Raman  spectra  in  B~AgI. 

It  is  clear  from  the  figure  that  the  perfectly 
normal  spectrum  due  to  zone  center  optical  modes 
changes  continuously  into  a  continuum  of  vibra¬ 
tional  states,  as  temperature  is  increased,  with 
the  sole  exception  of  the  E2(17  cm”l)  optical 
mode.  Thus  such  optical  mode  is  barely  affected 
by  the  local  disordering  of  Ag*  ions:  this  is 
probably  due  to  the  extreme  flatness  of  disper¬ 
sion  curve  ^ .  Buhrer  and  Bruesch^  argue  that 
the  sharp  E2  optical  mode  induce  the  phase  tran¬ 
sition  by  favouring  of  Frenkel  pairs  in  the  Ag 
sublattice.  In  fact  the  E2  mode  has  the  appro¬ 
priate  eigenmode  structure  and  disappears  dis- 
continuouely  at  147*C.  However  the  "coupling" 
of  such  mode  to  jumping  cations  does  not  appear 
to  produce  important  effects  on  the  mode  dynamic 
structure  factor  as  the  phmse  transition  is  ap¬ 
proached.  One  reaeon  for  apparent  insensitivity 
of  t2  node  map  be  that  overall  vibrational  re¬ 
sponse  of  Agl  is  similar  in  two  B  and  a-phase 
^  ”5  •  However,  a  finer  experimental  analysis  of 


RAMAN  SHIFT  M 


Fig.  1:  Experimental  Raman  spectra 
at  various  Temperature  from  5  to 
150  cm-*. 
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mode  spectral  region  does  show  some  pretransitio 
nal  effects  as  T0  is  approached  (fig.  2).  From  the¬ 
se  experimental  data  we  see  that: 

1  -  the  £2  mode  damping  increases  considerably; 

2  -  the  shape  of  E2  line  is  visibly  asysnetric; 

3  -  there  is  a  slight  shift  towards  low  frequencies; 

4  -  the  total  Raman  Intensity  devided  by  the  Bose- 

Eistein  factor  remains  constant. 

In  order  to  interpret  these  data  we  hypotbise  a  Fano 
interference^)  between  the  17  cm-*-  peak  and  the  un¬ 
derlying  continuum  of  vibrational  states.  From  ine¬ 
lastic  neutron  scattering  we  can  assume  that  such 
continuum  is  due  to  the  phonon  density  of  states  as¬ 
sociated  with  an  acoustical  branch:  such  branch  has, 
at  zone  edge,  the  same  simmetry  and  nearly  the  same 
energy  as  the  almost  flat  branch  of  the  E2  optical 
mode.  For  a  given  temperature  the  Fano  spectral  ahji 
pe  can  be  written  as(?) 

(q  *  e)2  Fi8 

"JT 


1)  a(e) 


2:  Experimental  E2  optical 

1  +  ez  "  mode  at  various  temperature  near 

where  a'  is  the  cross  section  for  the  underlying  transition,  a  •  303  K;  b  “  380°K; 
continuum  which  does  not  interact  with  the  discrete  c  ”  K- 
state,  and 


<l|l»l|0> 


2) 


e  « 


ir<l|w|2><2|a2|0> 
E  -  Et 

ir  |<2 1*»2  l"0>lS  ’ 


Eq  +  F 


where  Eq  is  the  eigenvalue  of  the  uncoupled 
one-phon  state  (i.e.  the  energy  of  the  E2  mo 
de)  and  F  is  the  slight  shift  from  Eq  due  to 
admixture  of  states.  A  simple  scheme  of  Fano 
interference  is  to  view  the  like  shape  of  a 
discrete  mode  interacting  with  a  continuum 
as  due  to  interference  between  two  coherent 
scattering  channels  into  the  same  heavely 
damped  final  state:  the  first  is  a  direct 
channel  <2|ot2|0>  coupling  the  ground  state 
|o>  to  the  continuum  |2>;  the  second  is  an 
indirect  one,  coupling  states  |0>  and  |2> 
via  the  discrete  state  |l>  and  is  given  by 


Fig.  3:  The  £3  mode  line  shape  at  403*K. 
Dots:  experimental  data;  solid  line:  fit 
using  eq.  (1).  Lower  solid  line:  true  U 
ne  shape. 


a  second  order  matrix  element  <2|w|l><lja  |o>  where  <2|wjl>  describes  a  non  radiative 
transition  from  the  discrete  level  into  the  continuum  degenerate  with  it.  Such  non 
radiative  transition  is  connected  with  the  true  width  of  the  line 


r  -  2if|<2|w|l>|2 

In  the  figure  3  we  show  a  typical  fit  of  the  spectra  for  T  -  403°K  together  with  the 
calculated  true  experimental  band  shape. 

If  the  reasonable  assumption  that  <ljajJo>  and  <2 1 c»2 1 0>  are  independent  or  weakly  de¬ 
pendent  on  temperature  is  also  made,  then  we  have  that  3)  q  n,  r~i  and  thus  the 
main  contribution  to  the  temperature  dependence  in  the  Fano  fitting  of  the  E2  mode 
lineshape  will  be  connected  with  the  behaviour  of  the  true  linewidth.  We  have  veri¬ 
fied  the  assumptions  leading  to  (3)  by  fitting  the  E2  lineshape  using  (1)  with  both 
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q  and  T  as  free  parameters.  We  have  found  that 
the  product  q  r!  was  independent  temperature 
within  our  10X  estimated  error. 

In  fig.  4  we  show  separately  the  behaviour  of 
the  coupling  parameter  q  and  the  halfwidth  T  vs 
temperature . 

14) 

From  inelastic  neutron  scattering  data  'we 
found  that  the  optical  mode  and  the  density 

of  states  associated  with  the  acoustical  branch 
change  little  with  temperature.  Thus  the  change 
in  the  <l|w|2>  matrix  elements  as  T0  is  approa¬ 
ched  cannot  be  due  to  changes  in  the  vibrational 
dynamics.  Rather  the  increase  in  the  coupling 
must  be  connected  with  a  "static"  property  of 
the  system,  such  as  an  order  parameter. 

In  the  framework  of  our  interpretation  of  the 
anomalous  features  in  the  Raman  spectrum  of  0  and 
ct-Agl,  we  are  led  to  associate  the  behaviour  of 
q  (or  r)  to  the  jump  motion  of  the  Ag+  ions  and 
to  the  associated  degree  of  disorder.  Thus  the 
appropriate  order  parameter  could  be  the  concen¬ 
tration  of  Frenkel  pairs,  itself  connected  with 
macroscopic  ionic  conductivity. 

Work  supported  in  part  by  CNR  contract  N 


Pig.  4:  Behaviour  of  the  q  and  T 
parameters  versus  temperature. 
80.00816.11. 
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BRILLOUIN  SCATTERING  STUDY  OF  PHASE  TRANSITIONS  IN  p-POLYPHENYLS 

C.  Ecolivet,  B.  Toudic  and  M.  Sanquer 

Groupe  de  Physique  crystalline,  E.R.A.  cat  C.R.R.S.  n°070015,  University  de 
Rennes,  Campus  de  Beaulieu.,  35042  Rennes  Cedex,  Pranas 

Abstract  A  Brillouin  scattering  study  of  the  various  phase  transitions  in 
p- polyphenyls  reveals  different  kinds  of  elastic  anomalies  depending  on  the 
nature  of  these  transitions. 

INTRODUCTION  The  first  elements  of  the  p- polyphenyls  series  undergo  phase  transi¬ 
tions  through  a  change  of  their  molecular  conformation,  this  change  happens  by  an 
antiferrodistorsive  rotation  of  aromatic  rings  about  the  molecular  long  axis,  which 
effect  is  the  stabilization  at  low  temperatures  of  a  non-planar  molecular  conforma¬ 
tion.  Despite  their  isomorphism,  p-pol yphenyls  present  different  kinds  of  transi¬ 
tions  and  critical  behaviours,  we  report  here  some  results  of  a  Brillouin  scattering 
investigation  of  these  transitions  and  their  effect  on  the  elastic  properties  of 
these  crystals. 

INCOMMENSURABLE  PHASES  OF  BIPHENYL  Biphenyl  undergoes  a  first  incoomensurate  phase 
transition  at  «  42  K  with  modulation  vectors  along  a  and  b  (4  satellites) .  This 
displacive  transition  is  related  to  a  soft  mode  which  happens  at  the  satellites  near 
the  Z  point  (0,  1/2,  0)  of  the  lrst  Brillouin  zone.  A  partial  lock-in  transition  hap¬ 
pens  at  Tj  *  17  K  where  the  lncnamsnsur ability  along  a  disappears  l1) . 

The  major  sound  velocity  anomaly  occurs  for  the  quasi  longitudinal  mode  propa¬ 
gating  along  a  (figure  1 ) ■  This  kind  of  elastic  anomaly  has  been  observed  in  many 
other  materials  presenting  such  phases  like  Rb^ZnCl^. 


Pitt.  I  (left)  -  Biphenyl  qmsl-longl tudinsl  sound  velocity  tipped  and  its  Brillouin 
total  llrmridtb  flower)  versus  temperature.  + 

fig.  2  (right)-  Spectrum  of  biphenyl  at  25  K  by  phonons  propagating  along  a.  tbe  ar- 


C6-/80 


JOURNAL  DE  PHYSIQUE 


rows  at  the  foot  of  the  Rayleigh  indicate  the  expected  location  of  the  phason  line, 
whereas  " L ",  "r"  and  T  designates  the  quasi-longitudinal ,  quasi-transverse  and  trans¬ 
verse  and  modes. 

As  a  phason  was  previously  observed  by  neutron  scattering  (*) ,  we  have  tried  to 
see  it  by  light  scattering.  Our  experiment  failed  to  find  this  component  and  what  we 
can  say,  if  the  phason  has  really  a  propagation  velocity  of  1000  m/s,  is  that  it  scat¬ 
ters  less  than  1/10  of  the  light  scattered  by  the  weakest  transverse  mode. 


IMPROPER  FERROELASTIC  TRANSITION  OF  p-TERPHENYL  p-terphenyl  undergoes  at  193  K  an 
improper  ferroelastic  transition  labelled  2/m  1'  FI'  according  to  Aizu.  This  transi¬ 
tion  is  characterized  by  a  superstructure  which  appears  at  the  C  point  (1/2,  1/2,  0) 
of  the  irst  Brillouin  zone  leading  to  the  existence  of  two  crist*1 lographically  dif¬ 
ferent  kinds  of  domains  (Fig. 3)  depending  on  the  orientation  of  the  molecule  central 
ring  (2) . 


Fig.  3  -  Projection  on  the  (001)  pla¬ 
ge  of  the  central  ring  orientations 
In  both  phases  /  dashed  lines  for  the 
high  tesiperature  phase  and  full  lines 
for  the  low  tesiperature  phase. 


One  of  the  elastic  anomalies  created  by  this  order-disorder  transition  is  rela¬ 
ted  to  the  differentiation  of  the  |ll0|  and  1 1 20]  directions  as  It  can  be  seen  on  the 
figure  above.  For  one  of  these  directions  depending  on  the  domain,  central  rings  are 
perpendicular  to  their  neighbours  whereas  along  the  other  direction  the  angle  between 
central  rings  is  much  less.  This  difference  and  the  presence  of  several  domains  in 


the  scattering  volume  are  at  the  origin  of  the  presence  of  two  distinct  and  simulta¬ 
neous  longitudinal  Brillouin  lines  in  the  spectrum  (Pig.  4) . 


rent  temperatures  showing  the  " longitudinal "  Brillouin  lines  (from  the  next  order) and 
the  • transverse "  Brillouin  lines  hear  the  Hsgleigh  line  i  notice  a Iso  a  quasi  elastic 
component  which  goes  through  a  mexlmm  at  fc  *  191  K.  the  frequency  interval  shown 
is  35. 5  OKs. 
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A  fit  performed  on  these  spectra  between  90  K  and  193  K  shows  a  (Tc~T)  '  va¬ 
riation  of  this  splitting  ;  it  corresponds  to  the  numerical  value  of  0.30  obtained 
for  the  superstructure  intensity  recorded  by  neutron  scattering  (*).  This  value  re¬ 
flects  a  slight  discontinuity  of  the  transition. 

THE  p-QUATERPHENYL  TRANSITION  p-quaterphenyl  undergoes  a  transition  similar  to  the 

p-terphenyl  in  the  sense  it  is  also  an  order-disorder  transition  between  the  P  2^/a 

high  temperature  phase  and  probably  a  P  t-  lew  temperature  phase  with  also  coexisten- 
3  1 

ce  of  domains  (  ) .  But  here  two  central  rings  are  moving  in  opposite  directions  insi¬ 
de  each  molecule  and  the  difference  between  the  |ll0|  and  the  | 1 10 |  is  not  as  obvious 
as  for  p-terphenyl  and  two  different  longitudinal  Brillouin  lines  are  not  observed. 
Generally  the  elastic  anomalies  are  also  weaker.  The  figure  5  shows  an  anomaly  of  the 
"longitudinal"  sound  velocity  recorded  along  a  which  shows  a  small  change  of  slope  at 
Tc  “  240  K  i  there  is  no  complete  explanation  for  this  kind  of  behaviour,  but  it  is 
could  be  due  to  some  relaxation  mechanism. 


5  -  Sound  velocity  of  the 
quasi  longitudinal  mode  propaga¬ 
ting  along  t. 
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PHONON  DISPERSION  AND  TRANSVERSE  MODE  SOFTENING  IN  RbFeCl3 
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Abstract.-  Phonon  dispersion  curves  of  RbFeCl.3  have  been  measured  by  neutron 
scattering.  For  wave  vectors  in  the  hexagonal  plane  the  transverse  phonons 
polarized  along  2  are  found  to  have  very  low  energies.  Furthermore  the  shape 
of  this  branch  changes  drastically  as  the  temperature  is  lowered  from  room 
temperature  to  20K,  the  zone  boundary  energy  at  the  K  point  being  decreased 
by  a  factor  of  two.  However  no  Bragg  reflection  indicative  of  a  phase  transi¬ 
tion  has  been  detected  at  this  point.  These  features  are  interpreted  as  sho¬ 
wing  evidence  that  RbFeCl3  is  at  the  border  of  a  phase  transition  for  which 
a  microscopic  mechanism  will  be  discussed. 


1.  Introduction.-  Phonon  softening  has  been  extensively  studied  in  AMX^  compounds  of 

cubic  perovskite  structure ^ ^  ^  in  connection  with  structural  phase  transitions. 

More  recently  it  has  been  reported  that  some  AMX,  crystals  with  hexagonal  structures 

(4)  J 

also  undergo  structural  phase  transitions  .  In  this  paper  we  give  the  first  expe¬ 
rimental  report  of  the  observation  of  a  phonon  softening  in  the  hexagonal  RbFeClj 
compound. 

2.  Experiments  and  Results.-  The  RbFeCl,  single  crystals  used  in  these  experiments 

j 

are  the  same  as  those  grown  for  the  spin  wave  investigation  .  The  inelastic  neutron 
scattering  experiments  have  been  carried  out  on  the  triple-axis  spectrometer  IN  3  at 
the  Institut  Laue-Langevin.  The  experiments  were  performed  with  incident  neutron 

•«J 

wave-vectors  of  2.3  or  2.66  A  and  collimations  of  30’ /20’ /20’ /20’ .  The  sample  was 
4 

mounted  in  a  pumped  He  cryostat  with  the  c-axis  horizontal  so  that  the  [hOt]  plane 
was  in  the  scattering  plane. 

The  dispersion  curves  of  acoustic  phonon  measured  at  room  temperature  are  shown 
in  Fig. 1. 

Since  our  measurements  in  the  c  direction  do  not  extend  to  very  small  q,  the 
sound  velocity  of  the  TA  (001)  branch  (broken  line  in  Fig. I)  was  set  equal  to  that 
of  the  TA  (110)  branch  as  required  by  elastic  theory.  Obviously  this  sound  velocity 
is  smaller  than  the  phase  velocity  derived  from  our  lowest  experimental  point,  which 
means  that  this  transverse  node  must  have  an  upward  curvature.  This  peculiarity, 
unexpected  from  classical  elastic  theory,  is  similar  to  that  first  observed  in 
Graphite and  more  recently  in  CsNiFj^ ,  This  is  a  consequence  of  the  inhomoge¬ 
neous  structure  lAich  can  be  regarded  as  made  up  of  strongly  coupled  PeCl^  octahedra 
making  infinite  fibres  along  the  c-axis.  These  fibres  are  much  more  loosely  coupled 
to  the  neighbouring  ones  via  Kb  ions.  The  bending  of  a  fibre  requires  an  elastic 
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energy  El  — (E  being  the  Young  nodules  and  I  the  momentum  of  inertia  of  the  fibre) 

in  additio&z  to  the  ahear  energy  C,,  -5-5  of  the  FeCl,-Rb-FeCl,  bonds.  Thus  the  trana- 

44  3z2  2  i  2  6  4 

verse  phonons  dispersion  takes  the  fora  n>t  »  p"l(C^k*  ♦  El  k^),  which  explains 

the  positive  curvature  at  low  q. 

For  phonons  propagating  in  the  hexagonal  plane,  the  most  striking  feature  is 
the  very  low  value  of  the  transverse  mode  (e//Z  )  energies  compared  with  those  of  the 
longitudinal  mode.  From  the  slope  at  small  q  we  deduce  ci  1^44  “  17,  a  value  much 
larger  than  typical  values  (4  <  Cj  j/C^  <  6)  for  ionic  crystals.  We  have  carried  out 
a  systematic  investigation  of  this  transverse  phonon  between  l.S  and  300  K  the  results 
of  which  are  illustrated  in  Fig. 2.  The  whole  branch  gradually  flattens  as  the  tempera¬ 
ture  is  lowered  from  300  K  to  20  K  and  then  becomes  almost  temperature  independent 
at  lower  temperatures.  Furthermore,  the  decrease  in  energy  appears  to  be  stronger  at 
the  K  point  with  the  consequence  that  this  point  becomes  a  minimum  for  f<  150  K,  ins¬ 
tead  of  a  maximum  at  room  temperature.  Down  to  50  K,  the  lowering  of  the  phonon  ener¬ 
gies  is  strongly  reminiscent  of  the  behaviours  observed  in  cubic  crystals  SrTiO,^, 

(2)  (3)  3 

KMnF j  ,  RbCaFj  ...  for  which  the  lowering  is  achieved  by  a  complete  softening  of 

the  mode  giving  rise  to  a  structural  phase  transition.  Thus  we  have  carefully  checked 
the  elastic  scattering,  but  we  found  no  evidence  of  Bragg  scattering  at  the  K  point. 
3.-  Discussion.-  In  the  above  mentioned  cases  of  cubic  AHX^  compounds,  the  soft  mode 
has  been  identified  as  a  coherent  rotation  of  the  MX^  octahedral.  But  in  the  hexagonal 
AMX^  structure  two  neighbouring  octahedra  shara  4  triangular  face  and  a  coherent  ro¬ 
tation  of  the  octahedra  thus  involves  a  strong  coupling  with  internal  modes  of  MX^ 
giving  rise  to  a  high  frequency  mode.  In  fact  the  only  possibility  which  let  the  in¬ 
ternal  modes  frozen  and  is  compatible  with  our  observations  is  a  mode  involving  trans¬ 
lations  of  the  whole  fibre  along  c.  For  the  special  case  of  q»  y0),  which  is  tha 
sensitive  point,  the  motions  of  the  3  fibres  situated  on  the  vertex  of  a  triangle 
are  out  of  phase  by  120*.  The  fact  that  this  mode  is  of  low  energy  can  be  explained 
by  repulsive  interactions  between  chains  in  their  vertical  notion.  Indeed  we  anticipCe 
that  such  a  repulsion  arises  from  the  mismatch  of  the  ionic  radii  of  lb*  and  CX  .This 
interpretation  is  strongly  supported  by  the  fact  that  below  I20K  IbFeBr^  undergoes  a 
structural  phase  transition  which  just  has  the  point  l  as  a  superlatticm  reflection. 
Thus  one  must  conclude  that  RbFeClj  would  be  slightly  below  and  KbFsBr^  beyond  the 
stability  threshold. 

One  of  the  remaining  problems  is  tha  description  of  tha  enharmonic  behaviour 
of  such  a  system.  We  plan  fb  do  accurate  measurements  of  tha  temperature  dependence  of 
the  energies  and  widths  of  these  unusual  phonons  in  order  to  investigate  this  point. 
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Abstract. — At  84°K,  benzil  undergoes  a  first  order  phase  transi¬ 
tion  from  space  group  symmetry  in  the  upper  phase  £o  C2  sym¬ 
metry  in  the  lower  temperature  phase  with  a  simultaneous  four¬ 
fold  expansion  of  the  primitive  unit  cell.  In  addition  to  the 
effects  of  the  phase  transition  on  the  zone  center  optical  modes 
which  are  Raman  active  above  T  ,  our  polarized  Raman  studies  do 
indeed  show  the  emergence  of  new  modes,  including  a  second  soft 
mode,  which  are  related  to  the  enlargement  of  the  unit  cell. 

I .  Introductory  Remarks 

Room  temperature  benzil  (C^H^COCOC^H- )  has  a  trigonal  structure 
belonging  to  the  space  group  D* .  At  T«=84  K,  benzil  undergoes  a  solid 
to  solid  phase  transition  in  which  the  trigonal  phase  converts  to  a 
monoclinic  one  of  space  group  symmetry  C2.  A  previous  Raman  scatter¬ 
ing  study1  of  this  phase  transition  revealed  a  pronounced,  nonlinear 
softening  of  the  lowest  frequency  optic  mode  on  both  sides  of  Tc> 

This  soft  mode  is  associated  with  the  center  of  the  Brillouin  zone  and 
typically  induces  a  phase  transition  that  preserves  the  number  of  at¬ 
oms  per  unit  cell.  However,  x-ray  diffraction  studies  show  that  the 
phase  transition  is  accompanied  by  a  four-fold  expansion  of  the  prim- 

2  3 

itive  unit  cell  .  This  point  was  recently  addressed  by  Toledano  in  a 
phenomenological  model  of  the  phase  transition  in  benzil.  In  this 
dual  order  parameter  model,  the  primary  order  parameter  is  associated 
with  the  observed  zone  center  soft  mode  and  determines  the  trigonal  to 
monoclinic  symmetry  change.  The  secondary  order  parameter  corresponds 

-►  ■+  it 

to  the  star  of  k  vectors  (kM)  at  the  M  point  of  the  Brillouin  zone  and 
is  related  to  the  observed  four-fold  expansion  of  the  unit  cell.  The 
model  allows  a  nonlinear  coupling  between  the  two  order  parameters  and 
the  mechanism  oi  the  phase  transition  is  assumed  to  proceed  through  a 
"triggering”  of  the  M  point  instability  by  the  one  at  the  T  point. 
Although  the  phonon  modes  associated  with  £*  are  Raman  inactive  above 

T  .  they  are  expected  to  become  Raman  active  below  T_.  in  addition, 

c  ^  c 

the  model  predicts  that  the  soft  optic  mode  at  |k|=0  will  trigger  a 
second  soft  mode  related  to  £*.  since  neither  this  second  soft  mode 
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Fig.  1;  Group  theoretical 
analysis  of  the  phase  tran¬ 
sition  in  benzil.  The 
lines  indicate  the  corre¬ 
lation  of  the  modes  in  the 
trigonal  phase  above  Tc 
with  those  in  the  mono- 
clinic  phase  below  T  . 

The  solid  lines  indicate 
those  modes  which  are  ex¬ 
pected  to  show  strong 
Raman  activity. 


»S  c2  d; 


nor  the  additional  modes  associated  with  the  unit  cell  expansion  had 
been  observed  in  previous  studies,  a  more  comprehensive  study  of  the 
phase  transition  by  Raman  scattering  techniques  was  clearly  indicated. 
II.  Experimental  Results  &  Discussion 

The  decomposition  of  the  lattice  modes  at  the  r  and  M  points  of 
the  hexagonal  Brillouin  zone  of  the  trigonal  phase  into  the  A  and  B 
irreducible  representations  at  the  r  point  of  the  monoclinic  phase  is 
summarized  in  Figure  1.  The  numbers  in  parentheses  indicate  the  num¬ 
ber  of  modes  of  each  symmetry  type.  At  the  transition  temperature 
the  decomposition  proceeds  as  follows:  Aj+A,  A2+B,  E-*-A+B ,  r^-^A+B 
and  r2-*-A+2B. 

The  temperature  dependence  of  the  polarized  Raman  spectra  re¬ 
corded  in  the  Y(XY+XZ)X  scattering  geometry  is  shown  in  Figure  2a. 

As  the  temperature  is  lowered  to  Tc  (dashed  line)  the  intensity  of 
the  lowest  E  mode  (le)  increases  dramatically  while  its  frequency  de¬ 
creases  sharply.  This  anomalous  behavior  is  characteristic  of  a  soft 
optic  mode  inducing  a  phase  transition  and  is  similar  to  the  results 
observed  by  Sapriel  et  al.1  The  emergence  of  an  additional  mode  (2b) 
positioned  on  the  shoulder  of  the  B  component  of  the  soft  E  mode  (lb) 
is  also  observed  at  T<T  .  This  new  mode  is  interpreted  as  the  strong- 

^  c  2 
er  B  component  of  the  soft  r2  mode  predicted  by  Toledano  .  The  two 

soft  mode  components  are  clearly  distinguishable  since  they  exhibit  a 
temperature  dependence  different  from  that  of  the  other  modes.  As 
the  temperature  decreases,  both  modes  become  less  intense  and  move 
towards  higher  frequency.  This  opposes  the  general  increase  in  inten¬ 
sity  exhibited  by  all  of  the  other  external  modes.  Since  a  maximum  of 
eight  B  modes  can  be  associated  with  the  zone  center  modes  of  the 
trigonal  phase,  at  least  eleven  of  the  modes  observed  in  the  spectrum 
at  T»16°K  correspond  to.£^  and,  hence,  to  the  enlargesient  of  the  unit 
cell.  Similar  results  were  obtained  for  the  modes  of  symmetry 
above  TQ  and  A  symmetry  below  Tc.  The  corresponding  spectra  were 
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Fig.  2:  The  polarized  Raman  spectra  exhibited  by  benzil  at  selected 

temperatures  above  and  below  T  .  The  spectra  were  excited  with 

5145  8  radiation  and  recorded  in  a  90°  scattering  geometry.  The 

scattering  geometries  used  allow  a)  E  modes  above  T  and  B  modes  below 

T  and  b)  A.  modes  above  T  and  A  modes  below  T  . 

C  1  c  c 


recorded  in  a  Y(zz)X  scattering  geoamtry  and  are  shown  in  Figure  2b. 
The  A  components  of  the  two  soft  modes  are  denoted  as  la  and  3a.  Ad¬ 
ditional  theoretical  considerations  predict  that  of  the  sixty-nine 

Raman  active  modes  expected  for  T<T  ,  seventeen  A  modes  and  eighteen 

c  4 

B  modes  will  be  intense  enough  to  observe  .  This  is  in  excellent 
agreement  with  the  seventeen  A  modes  and  nineteen  B  modes  observed  in  __ 
the  present  study. 

In  conclusion,  our  Raman  scattering  study  of  the  phase  transition 
in  benzil  has  revealed  effects  due  to  both  the  symmetry  change  and  the 
expansion  of  the  unit  cell,  in  excellent  agreement  with  the  predic¬ 
tions  of  a  dual  order  parameter  model. 
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Abstract. -  III-VI  compounds  with  the  sandwich- type  layer 
structure  should  have  Phillips*  electronegativity  difference  in 
the  range  from  0.S5  to  0.9S.  In  a  certain  range  of  ionicity  of 
valence  bonds,  however,  shear  mode  phonons  are  bound  to  be  un¬ 
stable  by  the  long  range  Coulomb  force,  so  that  InS  crystallizes 
in  a  nonlayer  structure.  Three  other  examples  of  such  nonlayer 
compounds  have  been  found  from  experimental  phase  analysis  of 
(GaSe)x(InSe)1_x. 


1.  Nature  of  Chemical  Bonds.-  Group  III-VI  excess  valence  compounds, 
GaS,  GaSe  and  InSe,  crystallize  in  a  sandwich-type  layer  structure. 
Despite  of  its  strong  anisotropy,  the  electronic  coordination  with 
respect  to  both  anion  and  cation  can  be  regarded  as  tetrahedral  since 
nonbonding  orbitals  are  formed  at  anion  sites  by  the  excess  electrons. 
Figure  1  shows  the  dependence  of  force  constants  on  the  bond  length  l. 
The  rule1-^  holds  well  in  III-VI  layer  compounds  as  well  as  in 

group  III-V  and  II-VI  compounds.  Besides,  the  force  constants 
indicate  that  the  strength  of  bonding  is  comparable  to  the  proper 
tetrahedral  bonding.  The  similarity  of  bonding  is  evidently  shown  by 
the  ratio  of  bending  to  stretching  force  constants:  Experimental 

values  in  the  layer  compounds  agree  well  with  those  in  such  tetra- 

2) 

hedral  compounds  if  scaled  by  the  spectroscopic  ionicity  f^,  as 
shown  in  figure  2. 

If  we  pay  attention  to  the  heteropolar  energy  gap,2^  C,  we  find 
that  all  three  layer  compounds  have  C  *  4.7  eV.  This  value  agree  well 
with  C  in  tetrahedral  compounds  with  the  same  value  of  Phillips* 
electronegativity  difference  A  as  shown  in  figure  3.  The  heteropolar 
energy  gap  in  GaTe  is  of  particular  interest  because  GaTe  crystallizes 
at  ambient  conditions  in  a  monoclinic  layer  structure  modified 
stTongly  from  the  sandwich- type  one.  Its  dielectric  constant  e„  of 
9.03^  gives  C  *  4.0,  being  close  to  4.7  eV  despite  that  A  *  0.34  in 
GaTe  is  smaller  by  a  factor,  of  about  two  than  A  «  0.80  in  InSe.  This 
fact  suggests  that  the  sandwich-type  layer  structure  requires  C  of  the 
anion-cation  bond  to  be  rather  constant  in  order  to  maintain  the 
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Fig.  1:  Force  constants  vs  t  '  . 
The  force  constants  in  III-V  and 
II-VI  compounds  are  represented  by 
Uui‘,  where  the  frequencies,  u>,  of 
TO  phonons  are  referred  to  litera¬ 
tures.  W  and  6  are  force  constants 
associated  with  anion-cation  and 
cation-cation  bonds,  respectively, 
in  III-VI  compounds.  Suffices 
c  and  s  denote  the  compress ional 
and  shear  components  with  respect 
to  the  basal  plane,  respectively. 


balancing  of  charge  distribution  against  the  van  der  Waals  bond  and 
the  cation-cation  homopolar  bond;  the  sandwich-type  layer  structure 
is  stable  only  if  A  »  0.55  to  0.95.  InTe  is  known  to  crystallize  in 
a  nonlayer  structure.  The  instability  of  the  layer  structure  may  be 
attributed  in  part  to  the  fact  that  A  ■  0.48  in  InTe.  In  InS,  on  the 


Fig.  2:  The  ratio  of  bending 
to  stretching  force  constants 
vs  ionicity. 


Fig.  3:  Heteropolar  energy  gap 
vs  Phillips'  electronegativity 
di fference. 
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other  hand,  we  have  A  =  0.88  which  lies  in  the  stable  region  for  the 
layer  structure.  Furthermore  we  find  f^  ■  0.58  in  InS  provided  that 
it  crystallizes  in  the  layer  structure  with  C  ■  4.7  eV.  The  value  of 
f^  is  even  smaller  than  that  in  InSe,  so  that  the  Coulomb  repulsion 
between  cations  would  not  be  strong  enough  to  break  up  the  layer 
structure.  Nevertheless  InS  crystallizes  in  a  three  dimensional 
structure  at  ambient  conditions.  Thus  the  lattice  instability  of 
group  III-VT  compounds  can  not  be  explained  in  terms  of  the  nature  of 
chemical  bond  alone. 

2.  Phase  Diagram  of  (GaSe)  f InSe),  „.-  Present  authors  (Y.N.  and 

N. k:)  }  have  predicted  that  the  sandwich-type  layer  structure  is  un¬ 
stable  in  the  pseudobinary  system  (GaSe)  (InSe)^_x  for  a  wide  range  of 
x  due  to  the  instability  of  shear  mode  phonons  induced  by  the  long 
range  Coulomb  interaction.  If  it  is  the  case,  the  layer  structure 
should  be  unstable  also  in  InS  because  InS  corresponds  in  its  elec¬ 
tronic  polarizability  to  the  pseudo¬ 
binary  compound  with  x  =  0.6.  In  order 
to  examine  the  validity  of  this  predic¬ 
tion,  we  have  determined  the  phase 
diagram  of  (GaSe)x(InSe)lx  by  means  of 
DTA.  According  to  the  phase  diagram 
thus  obtained  (figure  4) ,  GaSe  and  InSe 
are  miscible  only  for  0  <  x  <  0.13  and 

O. 9  <  x  <_  1.0.  In  the  immiscible  region 
there  appear  three  new  phases  Galn-jSe^, 

Ga2InSe3  and  GajInSe^,  which  probably 
have  nonlayer  structures.  In  addition, 
they  exhibit  phase  transitions  at  738, 

592  and  543  °C  as  seen  in  figure  4.  All 
these  observations  are  consistent  with 
our  theoretical  prediction.  The  present 
results  strongly  suggest  that  the  three 
dimensional  structure  of  InS  is  caused 
by  the  instability  of  shear  mode  phonons. 


Fig.  4:  Phase  diagram 
5TTCaSe)x(InSe)1.x. 
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Abstract.-  The  recent  great  advance  in  the  production  of  highly 
monochromatic  atomic  beams  is  opening  new  perspectives  in  surface 
physics,  having  made  way  to  a  full  determination  of  the  surface 
vibrational  structure.  After  a  short  review  of  the  earlier  att¬ 
empts  to  detect  surface  phonons  from  the  angular  distributions  of 
scattered  atoms,  we  report  on  the  direct  measurement  of  surface 
phonon  dispersion  curves,  first  achieved  by  Brusdeylins,  Doak  and 
Toennies  in  alkali  halides,  from  time-of -flight  (TOP)  spectra  of 
scattered  He  atoms.  A  comparison  is  made  with  the  existing  theo¬ 
ries  of  surface  phonons  in  ionic  crystals.  The  state  of  the  art 
in  the  theory  of  inelastic  scattering  processes  is  briefly  illu¬ 
strated  in  order  to  discuss  the  theoretical  interpretation  of  TOF 
spectra.  The  one-phonon  energy-loss  spectra  of  He' scattered  from 
LiF(OOl)  calculated  for  a  hard  corrugated  surface  model  are  found 
to  be  in  good  agreement  with  TOF  spectra  at  all  the  incidence  angles. 
Evidence  is  given  that,  in  addition  to  Rayleigh  waves,  important 
contributions  to  the  inelastic  scattering  come  from  the  surface- 
projected  density  of  bulk  phonons.  The  possible  observation  of 
optical  surface  modes  in  KCl(QOl)  is  finally  discussed. 


1.  Introduction . -  Although  surface  phonons  have  since  long  attracted 
much  attention  due  to  their  role  in  several  surface  and  interface  phe¬ 
nomena  and  in  various  technological  applications,1  their  spectroscopy 
in  the  dispersive  region  has  been  considered  till  now  much  more  diffi¬ 
cult  than  that  of  bulk  phonons.  Indeed  the  conventional  probes  of  bulk 
phonons,  such  as  neutrons2  and  light,  are  only  weakly  sensitive  to  the 
surface  owing  to  their  large  penetration  into  the  nolid.  In  the  plasma 
spectral  region  photons  become  surface  sensitive  but  couple  only  to  ve¬ 
ry  long-wave  surface  excitations. 3,4  Also  electron  energy  loss  spectro¬ 
scopy,  which  has  given  us  the  first  evidence  of  surface  electromagnetic 
modes  in  monocrystals, 5  and  inelastic  electron  tunneling  spectroscopy6 
are  actually  restricted  to  long  waves  by  unfavorable  kinematical  con¬ 
ditions. 

The  great  potentialities  of  atom  scattering  in  surface  phonon  spec¬ 
troscopy  have  been  apparent  since  the  theoretical  work  of  Cabrera,  Celii 
and  Hanson, 7  but  only  the  recent  great  advance  in  the  production  and  de¬ 
tection  of  highly  monochromatic  atomic  beams,  triggered  off  by  the  stu¬ 
dies  in  rarified  gas  dynamics , *  has  made  way  for  a  full  determination  of 
the  surface  vibrational  structure.  Today  atoms  can  do  for  surface  pho¬ 
nons  the  same  job  that  slow  neutrons  do  for  bulk  phonons. 

Alongside,  various  theoretical  problems  had  to  be  considered,  sin¬ 
ce  the  assessment  of  such  a  powerful  technique  in  surface  phonon  ana¬ 
lysis  required  an  accurate  comparison  with  the  predicted  energy- loss 
profiles  and  related  surface  phonon  densities.  This  in  order  to  answer 
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two  urgent  questions:  i)  Whether  and  when  are  single-phonon  processes 
predominant)  ii)  in  how  distorted  a  way  do  energy-loss  spectra  reflect 
the  surface  projected  phonon  density. 

2*  Inelastic  processes  in  angular  distributions.-  The  early  experiments 
carried  out  by  Subbarao  and  Miller9  with  cold  He  beams  on  Ag(lll)  pro¬ 
vided  a  first  clear  separation  oetween  elastic  and  inelastic  scatter¬ 
ing,  the  latter  displaying  a  clear  multiphonon  nature. 

On  the  contrary,  the  data  obtained  by  Williams  and  Mason  for  He 
scattering  from  LiF(OOl)10  and  NaF(OOl)11  were  indicative  of  one-pho- 
non  processes.  The  phonon  frequencies,  derived  from  a  sophisticated 
analysis  of  the  out-of-plane  angular  distributions  (AD)  around  the  dif¬ 
fraction  peaks,  are  in  fair  agreement  with  the  calculated  Rayleigh  wave 
(RW)  dispersion  curves. 

In  fig.  la  the  data  for  NaF  are  compared  to  the  theoretical  curve 
obtained  by  the  Green's  function  method12,  using  the  breathing  shell 
model  (BSM)  and  room  temperature  data.  Shell  model  slab  calculations  13 
give  almost  identical  results. 

The  results  of  Williams  and  Mason  are  quite  remarkable  when  consi¬ 
dered  in  light  of  the  recent  data  obtained  by  Doak  at  al 14  by  the 
time-of-flight  (TOF)  technique  and  a  much  better  resolution  (fig.  lb)  . 


H  r 


M 


Ka/w  Ka/« 


fig •  1  >  Calculated  Rayleigh  wave  dispersion  cur¬ 
ve  in  MaF(OOl)  compared  to  He*  scattering  data 
obtained  from  angular  distributions  (ai  ref.  11 ) 
and  time-of -flight  spectra  (bi  ref.  14). 


According  to  Avila  and  Lagos15,  the  systematic  deviation  in  fig. la 
from  the  thoretical  curve  is  removed  when  the  data  are  analysed  in  terms 
of  kinematical  focussing. 

the  kinematical  focussing  (KF)  occurs  with  any  particular  scatte¬ 
ring  geometry  for  which  the  paraboloid  representing  the  energy- loss 
versus  momentum  transfer  relation 
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is  tangent  to  a  surface-phonon  dispersion  surface  u  -  u>(K).16  Here 
and  K^  are  energy  and  parallel  momentum  of  the  incident  aton  (fi  *»  1) , 
e.  and  e£  the  incidence  and  outgoing  angles,  respectively.  Kp  and  Knp 
are  the  coaqponents  of  the  transferred  parallel  momentum  &  -  (Kp,Knp) , 
respectively  parallel  and  normal  to  the  incidence  plane. 

KF  yields  singularities  in  the  angular  distribution  due  to  the  va¬ 
nishing  of  the  Jacobian  transforming  momentum-space  coordinates  into 
angular  coordinates. 

For  planar  scattering  (Knp  -  0) ,  KF  may  occur  only  along  symmetry 
directions.  For  relatively  heavy  probes,  like  He,  and  large  0f  and  0^, 
KF  occurs  at  small  phonon  group  velocities,  i.e.  for  phonons  close  to 
the  critical  points,  where  the  phonon  density  is  large.16  Avila  and  La¬ 
gos  have  discussed  another  important  enhancement  mechanism  for  non-pla- 
nar  KF  which  explains  Williams  and  Mason's  data.15 

Boato  and  Cantini  17  performed  a  careful  investigation  of  the  angu¬ 
lar  distributions  of  Ne  planar  scattering  from  LiF(OOl),  finding  a  rich 
fine  structure  in  addition  to  the  elastic  diffraction  pattern.  Although 
interpreting  such  inelastic  features  as  due  to  KF  yielded  frequencies 
of  surface  modes  in  reasonable  agreement  with  the  theoretical  predict¬ 
ion  for  Rayleigh  and  Lucas  modes  at  H  and  r  critical  points18,  Cantini, 

Felcher  and  Tatarek  found  a  more  convincing  explanation  of  the  fine 
structure  in  terms  of  inelastic  resonances  with  surface  bound  states19. 
In  addition,  their  kinematical  analysis  led  to  a  rough  determination 
of  RW  dispersion.  Cantini  and  Tatarek  have  made  a  similar  analysis  for 
the  inelastic  resonances  of  He  scattered  from  graphite  (OOOl) ,20 
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The  high-resolution  angular  distri¬ 
butions  recently  obtained  by  Brusdeylins 
«t  al  for  He  scattering  from  LiF(OOl)  and 
MaF(OOl)  21  give  only  a  faint  evidence  of 
KF  effect,  its  features  being  hardly  di¬ 
stinguishable  from  the  complicated  pattern 
of  inelastic  resonances. 

Thus  KF  could  be  visible  only  where 
the  channels  to  bound  states  are  extreme¬ 
ly  weak,  as  in  metals,  but  we  do  not  know 
of  any  example,  apart  from  some  poorly 
understood  data  on  He-Au  (111).22 

However,  in  view  of  the  recent  ad¬ 
vance  in  the  theory  and  design*  of  highly 
monochromatic  nossle  beam  sources,  the  KF 
way  to  surface  phonons  has  been  abandoned 
in  favour  of  TOT  spectroscopy. 


Fie.  2  i  Surface  phonon  dispersion  curves 
in  LiF (001)  along  (100)  for  sagittal  po¬ 
larisation.  Comparison  is  made  with  Re* 
scattering  data  (o)  and  neutron  data  (e) . 
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3.  The  analysis  of  time-of-f light  spectra.-  In  the  late  seventies  TOF 
measurements  provided  a  direct  evidence  of  Rayleigh  waves  in  the 
THz  range23'24.  The  high-resolution  spectra  measured  by  Toennies  group 
in  GOttingen  led  for  the  first  time  to  the  full  determination  of  the  RW 
dispersion  as  well  as  of  the  energy  loss  profiles  in  LiF25 ,  NaF  (fig. 
lb)  and  KC1.14 

These  experiments  have  stimulated  a  new  effort  in  the  theory  of 
inelastic  processes  26-30  .  Most  of  the  features  found  in  TOF  spectra  -  do¬ 
minance  of  Rtfs  and  cut-off  of  optical  frequencies  -  were  predicted  al¬ 
ready  in  the  framework  of  the  distorted  wave  Born  approximation  (DtfBA)3.1 

The  validity  of  this  theory  for  ionic  crystals,  where  the  surface 
is  quite  corrugated,  is  in  question,  however,  since  the  non- specular 
part  of  the  potential  works  as  a  perturbation.  Physically  it  would  mean 
that  unklapp  processes  involving  surface-reciprocal  lattice  vectors 
G  j*  o  have  to  be  less  probable,  which  is  clearly  in  contrast  with  the 
observation  of  strong  quantum  rainbow  effects.17 


Fig.  3  s  Time-of- 
flight  spectra  of  He 
scattered  from  LiF 
(001)  surface  along 
(10O)  for  incidence 
angle  a.  <*  49.8°  and 
72.2°  (from  ref.  14) 
and  calculated  one- 
phonon  reflection 
coefficient  for  a 
hard  corrugated  sur¬ 
face  model.  The  cal¬ 
culation  of  the  pho¬ 
non  densities  is  bas¬ 
ed  on  the  Green's 
function  method  and 
the  breathing  shell 
model  with  room  tem¬ 
perature  input  data. 
Squared  dots  denote 
Rayleigh  wave  peaks, 

K  denotes  kinematical 
focussing  and  0  labels 
Lucas  mode. 
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Fig.  4  :  Same  as  fig. 
3  for  incidence  an¬ 
gle  8i  =  36.0°. 


Thus  in  the  theoretical  interpretation  of  TOF  data  our  main  con¬ 
cern  is  the  non-perturbative  treatment  of  the  static  corrugated  poten¬ 
tial.  We  work  in  a  DWBA  where  only  the  phonon- induced  corrugation  acts 
as  a  perturbation.  The  one-phonon  reflection  coefficient  for  a  process 
casting  an  incident  atom  of  momentum  into  a  final  state  oriented 
within  a  solid  angle  dn,  is  expressed  by28 

d2R<3>  k2 
_  =  _ z_ 

dudQ  8ir 3 

where  T  is  the  surface  temperature,  and  pkq  (S,u)  are  the  elements 
of  surface-projected  phonon  density  matrix. ,K 

If  z  «  dq(8)  represents  the  static  surface  profile,  D0(R)  being  a 
periodic  function  of  the  position  vector  R  *  (x,y) ,  the  coupling  coef¬ 
ficients  are  given  by 

g  (K)  -  [dJ  exp{-W(S)-iK*R+ik  D  (R)  }  g  (R)  3D  (R)/3u  ,  (3) 

ko  J  s  o  o  o  xa 

where  3D  ($)/3u  is  the  distortion  of  the  surface  profile  due  to  a 
unit  displacement  u  of  the  x-th  ion,  and  W(R)  is  the  Debye-Waller  fac¬ 
tor.  The  scattering  amplitude  gQ (5)  is  obtained  by  solving  numerically 
the  Lippmann- Schwinger  equation0  in  the  direct  space  for  the  Btatie  cor¬ 
rugated  surface,  using  a  method  developed  by  Garcia  and  Cabrera.32 

The  surface-projected  phonon  densities  are  calculated  by  the 
Green's  function  method, 12  for  33  values  of  £  in  the  irreducible  se¬ 
gment  T9  lying  in  the  scattering  plane,  and  for  100  equally-spaced  va¬ 
lues  of  «  between  0  and  the  maximum  crystal  frequency.  This  calculat¬ 
ion  is  equivalent  to  a  slab  calculation  with  192  layers. 

Fig.  2  shows  the  dispersion  curves  along  (100)  of  LiP(OOl)  surfa¬ 
ce  modes  With  sagittal  polarisation  -  the  one  involved  in  planar  scat¬ 
tering. Heavy  lines  are  surface  sodas.  Thin  lines  are  band  edges  of 
bulk  modes  having  non-vanishing  sagittal  component.  When  a  dispersion 
curve  enters  a  band,  the  surface-localised  mode  transforms  into  a  reso- 
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nonce.  The  RW  dispersion  curve  is  compared  to  the  atom  scattering  data 
(open  circles)  2S.  The  broken  line  shows  the  shell  model  slab  calculat¬ 
ion  by  Chen  «t  al 13.  The  quality  of  bulk  dynamics  can  be  judged  by  com¬ 
pering  to  neutron  data  (black  points)  the  band  edges  which  correspond  to 
bulk  dispersion  curves  along  symmetry  directions. 

In  this  calculation,  based  on  BSM  and  room  temperature  data,  bulk 
(<>±)  and  surface  (a*)  ion  polariiabilities  are  equal  (a4*a*)  and  taken 
from  the  classical  cosqpilation  of  Tessmann,  Kahn  and  Shockley  33  (TKS) . 

If  a*  is  allowed  to  be  larger  than  a_  and  both  are  adjustable,  the 
residual  discrepancies  at  the  R  point  can  be  removed  in  both  bulk  and 
RW  dispersion  curves.29  Despite  the  general  argument  that  surface  pola- 
risabilities  should  be  larger  than  bulk  polarizabilities  owing  to  the 
smaller  coordination,  we  did  not  use  this  fitting  procedure  here,  since 
TKS  values  yield  an  excellent  fit  in  NaF  and  KCl  and  a  reasonable  com¬ 
promise  in  LiF. 

In  evaluating  d2R^1Vdwdfl,  we  use  the  static  surface  profile  D0(R) 
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which  gives  the  best  fit  to  diffraction  amplitudes  according  to  Garcia?2 
The  kinematical  parameters  (k^  =  6.1  A-1  ;  =  90°  -  ef  =  49.8°,  72. 2°, 

36.0°,  60.0°  and  63.2°)  correspond  to  a  selected  set  of  TOF  spectra 
measured  by  Brusdeylins,  Doak  and  Toennies  with  the  apparatus  of  ref. 

25.  Experimental  and  theoretical  spectra  are  shown  together  in  figs  3-5 
as  functions  of  K.  The  phonon  energy  is  readily  obtained  from  eq.  1 
with  K_  «=  K  and  Kpp  =  0.  The  vertical  lines  correspond  to  K  *  G  »  inte¬ 
ger  x  2»/a  where  a  is  the  interionic  distance. 

The  theoretical  RW  peaks  are  represented  by  isolated  rectangular 
peaks  (marked  by  ♦ ) .  At  low  energy  (K  close  to  G)  the  RW  peak  is  not 
resolved  from  the  continuous  bulk  density.  Close  to  KF  condition  the  RW 
peak  may  extend  over  several  bins.  This  is  seen  in  fig.  3  (e1-49.8°), 
where  the  KF  induced  broadening  of  the  RW  peak  K  reflects  fairly  well 
the  experimental  structure.  Here  the  RW  peak  at  K  ^  -0.2  is  not  resol¬ 
ved,  but  the  spectra  appear  to  be  in  reasonably  good  agreement. 

At  8^  *  72.2°,  the  single  RW  peak  is  well  resolved  letting  one  ap¬ 
preciate  how  important  is  the  bulk  phonon  contribution  forming  the  long 
tail  above  K  *  -3.4. 

A  richer  structure  is  found  for  0j-  36.0°  (fig.  4) .  Here  the  in¬ 
tensities  of  the  three  distinct  RW  peaks  are  in  very  good  agreement 
with  the  predicted  intensities.  Again  the  experimental  tails  aside  the 
RW  peaks  are  seen  to  correspond  to  bulk  phonon  structures.  While  the 
band  around  K  »  O  contains  acoustic  phonons,  the  long  tail  above  K  «  2.8 
comes  essentially  from  optical  phonons.  The  small  theoretical  peak  o  is 
a  Lucas  optical  surface  mode  (S4  in  fig.  2 ) ;  this  is  also  predicted  for 
Oj,  =  49.8°  and  60.0°  (fig.  5  )  but  no  evidence  is  found  in  TOF  spectra. 

A  similar  overall  agreement  is  found  also  in  fig.  5  (ei  »  60.0°, 
63.2°).  However,  once  we  fit  the  maximum  intensities  around  K  =  -3,  we 
note  that  the  RW  intensity  at  larger  (smaller)  absolute  momentum  trans¬ 
fer  is  weaker  (stronger)  than  the  observed  one. 

The  general  good  agreement 


between  theory  and  experiment 
means,  for  the  experimentalist, 
that  one-phonon  proot  see  are 
dominant  and,  for  the  theore¬ 
tician,  that  the  Green's  funct¬ 
ion  method  for  surface  dynamics 
and  the  HCS  model  employed  in 
scattering  theory  work  quite 
trail.  However,  the  future  inte¬ 
rest  is  on  the  discrepancies. 

Why  does  theory  predict 
too  large  (small)  intensities 
at  small  (large)  momentum  trans¬ 
fers  ?  Why  are  the  predicted 
Lucas  mode  peaks  not  (yet)  seen 
in  the  experiments? 


Fig.  6  :  Surface  phonon  disper¬ 
sion  curves  of  KCl(OOl)  along 
the  symmetry  directions  for  sa¬ 
gittal  (J_)  and  parallel  (||)  po¬ 
larisation. 
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An  answer  to  these  questions  will  probably  come  from  a  better  de¬ 
scription  of  the  surface-atom  potential,  including  the  attractive  part 
and  the  effects  of  bound-state  resonances.  For  example,  the  weakness 
of  Lucas  modes  in  scattering  could  mean  that  Li+  -  He  interaction  is 
even  weaker  than  that  schematically  described  by  the  choosen  surface 
profile.  Actually,  the  difficulty  existing  in  LiF  for  the  observation 
of  optical  modes  is  that  the  radius  and  the  polarizability  of  Li  ion 

(the  ion  which  moves  in  optical  modes)  are  too  small  and  consequently 
so  are  both  repulsive  and  attractive  interactions  with  He  atoms. 

A  better  situation  occurs  in  crystals  like  KC1,  where  the  ions 
have  approximately  the  same  mass  and  are  both  polarizable.  Moreover  in 
KC1  optical  frequencies  are  smaller  than  kgT  (room  temperature)  and  u^, 
and  can  therefore  be  observed  in  both  energy  loss  and  gain  processes. 
Indeed  in  KCl(OOl),  besides  sharp  RW  peaks,  additional  structures  cor¬ 
responding  to  the  strong  resonance  Sg  are  observed  in  TOF  spectra:14 
such  experimental  points  are  compared  to  the  calculated  dispersion  cur¬ 
ves  in  fig.  6.  Further  weak  and  barely  resolved  features  can  be  related 
to  optical  modes  of  higher  frequency  (Sj,  Sg  and  S4) ,  but  such  inter¬ 
pretation  is  still  eub  jud-iee.  We  hope  that  future  measurements  will 
confirm  this  stimulating  observation. 
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GRAPHITE  SURFACE  PHONONS  STUDIED  THROUGH  He  ATOMS  RESONANT  SCATTERING 
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Istituto  di  Soienze  Fisiche  dell  'Uniter siti  di  Genova,  Viale  Benedetto  XV, 
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Abstract . -  He  atom  scattering  has  been  -sed  to  study  phonon-assi_ 
sted  bound  state  resonances  and  the  Debye-Waller  factor  for  the 
basal  plane  of  graphite.  A  dispersion  relation  is  reported  for 
the  surface  phonons  involved  in  the  resonances.  The  attenuation 
of  the  specular  peak  in  the  temperature  range  from  20  to  315  K 
is  used  to  derive  the  mean-square  displacement  <up>  of  surface 
atoms,  perpendicular  to  the  (0001)  plane.  The  anomalous  thermal 
behaviour  of  <u|>  is  explained  by  considering  the  layered  struc¬ 
ture  of  the  crystal. 

Light  atom  scattering  is  in  principle  a  powerful  technique  to  study 
surface  lattice  dynamics.  Detailed  information  on  the  dispersion  rela¬ 
tion  of  surface  phonons  can  be  obtained  in  special  cases  with  the  only 
study  of  angular  distribution  of  the  scattered  particles,  without  any 
energy  analysis.  This  is  just  what  happens  with  the  study  of  phonon  a£ 
sisted  resonances,  a  process  that  was  extensively  studied  recently  for 
the  He/graphite  system  [l]. 

We  recall  that  the  kinematic  conditions  for  a  scattering  process  invol^ 
ving  the  exchange  of  a  single  phonon  are: 

k2  =  k^  i  2MU3 0/fi  ,  iT  =  ic  -»G  i  Q  (1  a-b 

O  T  Gr  O 

where  k=(K,kz)  is  the  wave  vector  of  the  gas  atom  of  mass  M,  while"ff&Uq 
and  0  are  the  energy  and  parallel  wave  vector  of  the  exchanged  phonon; 
G  is  a  surface  reciprocal  lattice  vector.  For  in-plane  scattering,  a 
resonant  structure  in  the  angular  distribution  of  the  scattered  atom, 
located  at  the  polar  angle  &*  and  observed  at  incident  angle  ■S'q  must 
permit  to  obtain  luo*  and  3*  for  the  involved  phonon  through  the  solu¬ 
tion  of  the  two  equations 
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k -2M«J7tf-(T  4?iQ*)2/sin2T?  .  =  0 

o  q  o  f 


(3 


where  Eq.2  represents  the  condition  for  an  atom  to  enter  a  bound  state 
(£j,N)  while  Eq.3  is  the  condition  for  the  atom  to  be  scattered  at  a 
given  final  angle  through  the  final  ?  diffraction  channel.  The  re 
sonant  state  labeled  (£^,N)  is  an  intemediate  state  in  which  the  atom 
is  diffracted  in  a  closed  channel  N,  with  its  perpendicular  energy  ne 
gative  and  equal  to  an  energy  level  of  the  atom-surface  potential 

/2M  =  £  .<  0. 
n2  j 

For  He/graphite  system  we  selected  and  analysed  about  120  angular 

distributions,  where  about  1 80  resonance  structures  were  identified. 

Details  of  the  experiment  are  reported  elsewhere  [1,2].  The  angular  po 

sitions  of  the  resonant  structures  <*0  ,  $f)  gave,  through  Eqs.2  and  3 

the  'K'uj  *  and  3*of  the  phonon  involved  in  the  resonance.  All  the  observ 
q 

ed  points  belong  to  a  limited  region  of  the  surface  projected  phonon 
dispersion  relation  uJ(Q).  The  best  fit  region  of  the  experimental 
points  is  reported  in  Fig.l  as  a  dashed  area,  and  compared  with  the 
dispersion  relations  cu(cf)  for  bulk  phonons  travelling  along  the  TM 
direction,  as  obtained  by  neutron  scattering  [3] .  The  experimental 
region  contains  the  transverse  acoustic  mode  TA^  for  bulk  phonons; 
this  seem  to  indicate  a  strong  contribution  of  Rayleigh  phonons  to 
surface  scattering. 

In  order  to  study  the  thermal  vibration  at  the  surface,  the  spe¬ 
cularly  reflected  intensity  was  also  measured  at  several  incident  an¬ 
gles,  for  surface  temperatures  20  K<Ts<-315  K.  The  thermal  attenua¬ 
tion  of  the  specular  beam  was  represented  by  the  conventional  Debye- 

-Waller  formula  P  =P  ,exp(-2W),  where  the  D-W  coefficient  for  atom 
exp  el  K  2 

scattered  by  surfaces  is  2W=qz<u|>  ,  qz  being  the  momentum  transfer 
perpendicular  to  the  surface.  The  elastic  probability  P  was  calculaj. 
ed  in  the  eikonal  approximation  and  the  <uf>  values  were  obtained  from 
p^^p.  The  average  values  obtained  at  different  surface  temperatures 
are  reported  in  Fig. 2  with  their  statistical  error.  The  <u^>  value  at 
room  temperature  is  in  agreement  with  the  bulk  value  obtained  by  Chen 
and  Trucano  [4],  who  evaluated  a  Debye  temperature  of  about  530  K. 
However  the  temperature  dependence  does  not  follow  the  Debye  curve, 
reported  in  Fig. 2  (curve  (a)).  We  tried  to  explain  the  appreciable 


f 

l 


Fig.  2  :  Mean-square  displace- 
Q  [47i-/\T3  aj  ment  of  surface  atoms  <u^>  vs 

surface  temperature,  compared 

Fig.  1  :  Most  probable  experimental  with  the  Debye  curve  (a)  and  the 

dispersion  relation  of  surface  pho-  curve  calculated  in  the  text  (b). 

non  (dashed  region)  compared  with 
the  bulk  phonon  spectrum  in  the  Fm 
direction  (Ref. 3). 

decrease  of  at  low  temperature  taking  into  account  of  the  aniso¬ 

tropy  and  the  layered  structure  of  graphite  crystal.  We  assumed  a  qua 
dratic  dispersion  relation  at  low  0,  as  obtained  by  neutron  data  [ j] 
and  by  atom  scattering.  Details  of  this  calculation  are  reported  else 
where  (2] .  The  <u^>  so  calculated  is  reported  in  Fig. 2  (curve  (b)). 

It  appears  that  the  temperature  dependence  of  the  experimental  points 
is  now  well  reproduced.  The  remaining  shift  of  curve  (b)  can  be  attr:l 
buted  to  both  some  uncertainty  in  the  absolute  experimental  intensi¬ 
ties  and  to  the  simplified  assumed  phonon  spectrum. 
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Abstract.-  We  present  calculations  of  the  Brillouin  cross  section  for  a  metal¬ 
lic  thin  film  (A1  and  Au)  on  a  Si  substrate.  The  results  for  the  A1  coating 
are  explained  in  terms  of  scattering  from  the  surface  corrugation  due  to  the 
thermally  excited  acoustic  phonons.  In  the  case  of  Au  we  find  an  appreciable 
contribution  from  the  elasto-optic  coupling  in  the  film. 


1.  Introduction . -  For  clean  surfaces,  it  has  been  found  that  the  light  is  inelastical^ 

ly  scattered  both  from  the  dynamical  corrugation  of  the  surface  due  to  the  phonon 

field  (ripple  effect) '**  and  from  the  dielectric  inhomogeneity  of  the  medium  (elasto- 
(2) 

optic  effect)  .  In  both  cases  the  spectral  function  shows  structures  related  to  the 

surface  modes  (Rayleigh  waves-KW)  and  to  combinations  of  bulk  modes  with  modes  locally 

(3  4) 

zed  near  the  surface  (the  so  called  mixed  modes)  .In  this  paper  we  consider  the 

case  of  coated  surfaces  and  we  show  that  the  interface  existing  between  the  coverage 
and  the  substrate  causes  new  modes  to  appear  in  the  Brillouin  spectra'5'6*.  The  calcu 
lations  will  refer  to  a  (001)  Si  substrate  and  to  backscattering  geometry,  that  is 
the  scattered  light  is  assumed  to  be  collected  in  a  certain  solid  angle  around  the 
incidence  direction,  making  an  angle  8  to  the  surface  normal.  Under  these  conditions 
the  experiments  probes  the  Fourier  components  of  the  phonon  field  with  a  fixed  paral- 

lei  wavevector  Q  (  ,  equal  to  minus  twice  the  parallel  component  of  the  wavevector  of 
(7) 

the  incident  light  .  Conversely,  due  to  the  lack  of  translational  invariance  along 
the  surface  normal,  all  the  complex  normal  wavevector s  q|  of  the  phonon  field  are 
mixed  in  the  experiment  and  contribute  to  the  spectra.  We  consider  here  a  parallel 
wavevector  Q„  directed  along  [lOO]  and  TM  light  of  wavelenght  5145  k.  The  angle  0  is 
equal  to  70®. 

2.  Calculation  of  the  cross  section.-  The  computed  cross  section  for  a  coated  surface 

*  (B) 

is  found  to  be  the  square  modulus  of  the  sum  of  four  contributions  ,  due  to:  a)  scat_ 

tering  from  the  surface  ripples  (proportional  to  | | 2  computed  at  the  film  suface) , 

b) scattering  frcm  the  interface  ripples  (proportional  to  |vz|2  at  the  interface),  c) 

and  d)  elasto-optic  coupling  in  the  film  and  substrate  respectively.  The  latter  two 

terms  are  complicated  combinations  of  the  normal  modes  of  the  two  media.  Let  us  first 

shows  a  comparison  between  experiment  and  theory  in  the  case  of  an  U  coating.  A  tan- 

#7) 

dam  multipass  interferometer  (5  pass  plus  2  pass)  has  been  used'  .  The  fig.l  refers 
to  film  thickness  of  2000  J.  The  experimental  points  are  compared  with  the  cross  sec- 
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Fig.  1  :  Experimental  (dote)  and  computed  (full  line)  Brlllouin  cross  section 
for  a  2000  A  film  of  Al  deposited  on  SI  (Stokes  spectrum) .  The  broken  line  shows 
the  spectrum  without  the  contribution  of  the  continuum  of  phonon  mixed  modes. 

tlon  computed  by  including  the  contribution  a)  only.  This  is  in  fact  very  reasonable 
for  the  Al  surface,  due  to  the  high  value  of  its  dielectric  constant  * 1 '  .  Also  In 

our  case  of  a  supported  film,  an  explicit  calculation  with  the  elasto-optic  coeffi¬ 
cients  of  Al  and  Si  confirmed  that  the  only  important  term  is  a) .  Although  this  term 
depends  on  the  dislacement  field  at  the  film  surface,  it  shows  Important  features  due 
to  the  presence  of  the  interface.  In  Fig.l  the  frequency  of  the  RW,  nearly  11.3  GHz, 
is  strongly  different  from  that  of  Al,  that  is  10.4  GHz.  Indeed  the  most  dramatic  ef- 

(9) 

feet  due  to  the  interface  is  the  appearance  of  a  Sezawa  wave  (SW1)  at  about  16  GHz 
and  of  a  Lamb  wave  (LW1)  at  18  GHz.  They  are  followed  at  higher  frequencies  by  a  con¬ 
tinuum  of  phonons,  extending  from  21  to  30  GHz.  These  modes  eventually  give  rise  to 
new  thin- film  modes,  on  further  increasing  the  thickness. 

We  pass  now  to  a  gold  thin-film.  The  dielectric  constant  of  gold  at  5145  A  is 
very  small  (e— 3 . 19+12.47)  and  we  expect  an  appreciable  contribution  from  the  term  c). 
This  is  clearly  shown  in  Fig. 2  for  1000  A  of  gold  deposited  over  Silicon.  The  posi¬ 
tion  of  the  nt,  of  the  Sezawa  and  Lamb  waves  and  of  the  resonance  in  the  continuous 
spectrum  (nearly  21  GHz)  are  well  accounted  for,  but  the  relative  as<plitudes  of  va¬ 
rious  peaks  is  not  reproduced.  This  is  a  clear  indication  of  the  importance  of  the 
elasto-optic  coupling  in  the  film.  Unfortunately  the  elasto-optic  coefficients  of  Au 
are  not  known  and  this  prevents  a  quantitative  comparison  between  the  full  theory 
and  the  measured  spectrum.  However,  calculations  of  the  Brlllouin  cross  section  with 
the  elasto-optic  coefficients  of  gold  in  the  realistic  range  1-10  gave  strong  modifi¬ 
cations  in  the  relative  amplitudes  of  the  peaks.  In  particular,  the  waves  having 
a  strong  longitudinal  character  (SW,  LW1,  LM2  and  LW3)  can  be  affected  by  the  intro¬ 
duction  of  the  elasto-optic  contribution.  Instead  HK  and  LM4 ,  mostly  transverse,  do 
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Fig.  2  :  As  In  Fig.l.  Gold  film  thickness  tOOO  A  (anti-Stokes  spectrum), 
not  depend  on  the  latter  coupling. 

In  conclusion,  we  have  shown  that  the  Brillouin  spectra  from  thermally  excited 
acoustic  phonons  in  coated  surfaces  differ  considerably  from  those  obtained  in  clean 
surfaces.  In  particular,  we  have  found  important  structures  whose  number  increases 
as  the  film  becomes  thicker.  These  structures  have  been  explained  in  terms  of  thin- 
film  waves  polarized  in  the  sagittal  plane  (Sezawa  and  Lamb  modes) . 


References 


1.  R  Loudon, phys. Rev. Lett.  4£,  581  (1978) 

2.  V  Bortolani,  F  Nizzoli  and  G  Santoro,  Phys. Rev. Lett.  41,  39  (1978) 

3.  a  Harvin,  V  Bortolani  and  F  Nizzoli,  J.Phys.  C  13_,  299  (1980)  and  references 
therein 

4.  A  Marvin,  V  Bortolani,  F  Nizzoli  and  G  Santoro,  J.Phys.  C  1_3,  1607  (1980) 

5.  V  Bortolani,  F  Nizzoli,  G  Santoro,  A  Marvin  and  J  R  Sandercock,  Phys. Rev. Lett.  43, 
224  (1979) 

6.  N  L  Rowell  and  G  1  Stegeman,  PHys . Rev . Lett .  41 ,  970  (1978) 

7.  J  R  Sandercock,  Solid  St.  Comrun.  26,  547  (1978) 

8.  V  Bortolani,  F  Nizzoli,  G  Santoro,  J  R  Sandercock  and  A  Marvin,  to  be  published 

9.  G  W  Famell  and  B  L  Adler,  Physical  Acoustic,  vol.IX,  pp.  33-127,  Academic  Press, 
New  York  (1972) 


JOURNAL  DE  PHYSIQUE 

Collogue  C6,  supplement  au  n°  12,  Tome  42,  dAcembre  1981 


page  C6-807 


HOW  MUCH  INFORMATION  CAN  LOW  ENERGY  ION  SCATTERING  GIVE  ABOUT  SURFACE 
PHONONS  ? 

D.J.  Martin  and  R.P.  Walker* 

Department  of  Pure  and  Applied  Physios,  University  of  Salford,  Salford, 
Lancashire  MS  4VT,  U.K. 

*Daresbury  Laboratory,  SERC,  Warrington  WA4  4AD,  U.K. 


Abstract  -  Using  correlation  coefficients  calculated  i ty  the  Born 
von-KRrmftn  Model,  the  temperature  variation  of  low  energy  ion 
scattering  spectra  is  shown  to  be  capable  of  giving  information 
on  surface  Debye  temperatures  but  not  on  detailed  aspects  of 
surface  phonons. 


1.  Introduction.  -  Low  energy  ion  scattering  Hi]  can  be  exploited  to 

give  information  on  surface  phonons  £2]  .  We  have  ahovn,[3]  using  the 

Debye  model,  that  correlations  between  atomic  yibrations  have  a 
significant  influence  on  these  results  and  now  extend  these  studies 
by  using  the  Born  von-Kfirmfin  model  for  the  phonons .  The  results  for 
the  ion  scattering  using  this  model,  differ  from  the  Debye  case  and 
it  should  be  possible  to  obtain  information  on  the  correlations . 
However,  the  technique  cannot  readily  give  information  on  details  such 
as  the  force  constant  ratios. 

2.  Mean  square  atomic  displacements  and  correlations.-  On  the  basis 
of  an  earlier  study  [4]  we  have  developed  a  Born  von-Klrmln  calcul¬ 
ation  for  <u!(T)>  and  the  correlation  coef f icients  £(u  ,Ug)  in  a 
simple  model  of  bulk  monatomic  PCC  and  BCC  crystals.  Only  the  next- 
nearest  neighbour  and  nearest  neighbour  force  constants,  of  ratio  R, 
are  used.  This  model  is  crude  for  surface  phonons  but  it  allows  us 
to  examine  the  influence  of  the  two  major  parameters  T/0p  (8p  set 

to  agree  with  the  Debye  result  for  <u*(T-**»)>)  and  R. 

The  results  for  <u2 (T/B^)>  are  insensitive  to  R;  they  deviate  only 
a  few  percent  from  the  Debye  result.  In  general  the  correlations  are, 
as  expected,  much  more  sensitive  to  R  and  differ  markedly  from  the 
Debye  result,  as  shown  in  figure  (1).  However,  the  particular  corre¬ 
lation  coefficient  which  is  important  for  ion  scattering  is  that  for 
displaeemants  perpendicular  to  the  atomic  row  and,  as  shown  in 
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figure  (1),  this  is  particularly  insensitive  to  change  in  R.  Studies 
in  other  directions  and  also  in  FCC  crystals  reveal  a  similar  pattern: 
for  orthogonal  displacements  f  is'v  60Z  of  the  Debye  value  and  changing 
R  from  0.1  to  1,0  changes  f  by  only  20Z. 

3.  Quasi-double  and  quasi-triple  ion  scattering.-  It  is  possible  to 
characterize  peaks  in  the  intensity  against  energy  measurements  of  ion 
scattering  spectra  as  quasi-double  (QD)  and  quasi-triple  (QT)  [l^ .  On 
the  basis  of  a  simple  two-atom  model  |Y2  the  QD  peak  height  is  found  to 
vary  as  A/  <u  2 > ^ ( 1-p^) ^wher e  A  is  an  (inaccurately  known) cons tant , 
related  to  the  neutralization  probability  and  scattering  cross-section, 
<us2>  refers  to  displacements  perpendicular  to  the  chain  and  ^  is 
the  correlation  coefficient  for  nearest  neighbour  displacements 
perpendicular  to  the  chain.  Provided  the  measurements  are  extended 
to  T<<8_  it  should  be  possible  to  measure  surface  Debye  temperatures. 
Figure  2  shows  a  plot  of  the  QD  peak  height  for  Kr  scattering  from 
Cu  <100>  row,  as  obtained  from  "chain"  simulation  IVl  ,  against 

lj 

l/<ui2>,(l-^1) 1 .  The  solid  circles  are  the  results  for  the  correct 
8^  ;  the  open  circles  are  the  results  if  8Q  is  20Z  too  high.  In 
practice  8Q  would  be  adjusted  to  give  the  best  straight  line  through 
the  origin.  Unfortunately,  i.'  is  difficult  to  extract  separate 
information  on  8  and  ^  from  QD  results  and  lack  of  knowledge  on  £ 
leads  to  errors  *in  8^. 

A  simple  three  atom  model  [Y|  gives  for  the  QT  peak  height: 


Fig. 1 : The  correlation  coefficients  Uhl  :  QD  peak  height  from  a+co*p- 
as  a  function  of  T/8_  for  atoms  of  uter  simulation  for  lOkeV  Kr 

separation  <lil>  in  a  DCC  monatomic!'**  *"*  f°I  *  o 

crystals  with  R-0.1  and  1.0.  The  *t0M  for  *  ■«•««!**  nm»W  «-10  . 
dotted  curve  is  the  Debye  result,  plotted  against  l/<u  >*(l-£  )* 

The  broken  curves  are  for  displace-,  __  .  *  ,  .  1 . 

...t.  in  the  <U1>  direction. The  ^ 


solid  curves  are  for  <lTo> 

displacements 


(open  circles). 
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a) 


where  <v  *>»<u  *>mk  W./fi*  and 
X  z  u 

D  is  a  constant  related  to  the  scattering  cross  section  and  neutraliz¬ 
ation  probability, ^  the  correlation  coefficient  for  displacements  of 
second  nearest  neighbours  in  the  row  and  6  the  depth  of  the  "thermal 
pit"  giving  QT  scattering.  For  T>>8D  a  plot  of  ln(  QT  peak  height)+ 
ln(T)  against  1/T  will  have  slope  62 mk8*/3ft^ (3-4 g2) .  Again 
separate  information  on  8^ and£ cannot  be  obtained.  However,  by 
choosing  the  scattering  conditions  to  give  QT  scattering  for  T<<8D 
it  is  in  principle  possible  to  see  evidence  of  the  correlations  and 
to  measure  them  as  shown  in  figure  (3)  where  the  predictions  of 
equation  (1)  are  compared  with  simulation  results.  Unfortunately, 
because  the  relevant  correlation  coefficients  are  insensitive  to 
R,  this  information  is  of  limited  value. 

If  these  results  are  true  in  general  it  follows  that  low  energy 
ion  scattering  is  only  intrinsically  capable  of  giving  information  on 
surface  Debye  temperatures  and  that  QD  peak  measurements,  extended  to 
T<<8p ,  may  be  superior  to  QT  measurements. 

We  are  grateful  to  Drs  G  J  Keeler,  D  G  Armour,  S  A  Crus  and 
E  V  Alonso  for  discussions  and  Che  SERC  for  grant  support. 


Fig. 3 .QT  peak  height  for  4KeV  Ar 
scattered  from  a  <J.11>  row  of  Ha 
atoms  for  ^*39.7°  and  Ej«2.93  to 

3.01keV.  The  curves  show  the  pre¬ 
dictions  of  equation  (l),the  points 
are  simulation  results.  Solid  curve 
and  solid  circlessuncorrelated  Debye 

model  •_  -51K.  Chain  curves 

Puc 

corralatad  Born  von-Karman  model, 
same  8^. Broken  curve  and  open  circles 

correlated  Born  von-Karman  model  Op- 

44. 4K.H.B.  simulations  diverge  for 
T-K>  due  to  change  of  {  with  T 
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RESONANT  BRILLOUIN  SCATTERING  IN  OPAQUE  REGION  OF  CdS 

Y.  Itoh,  C.  Hamaguchi  and  Y,  Inuishi 

Faculty  of  Engineering,  Osaka  University,  Suita  City,  Osaka  S65,  Japan 


Abstract.  -  Resonant  Brlllouln  scattering  has  been  investigated  In  CdS  above 
and  below  the  fundamental  absorption  edge  at  room  temperature  uring  acousto- 
electrlcally  amplified  phonon  domains.  Experimentally  observed  resonant 
behaviour  has  been  analyzed  on  the  basis  of  light-scattering  theory  and 
piezobirefringence  theory.  A  good  agreement  is  found  when  we  take  into 
account  both  the  real  and  imaginary  parts  of  the  Brlllouln  tensor  and  piezo- 
birefringence  coefficients,  especially  near  the  absorption  edges. 


1.  Exper1— 1 -  Resonant  Brlllouln  scattering  studies  making  use  of  the  acousto- 
electrically  amplified  phonon  domains  have  been  reported  by  many  workers.1  In 
these  experiments,  the  Incident  photon  energies  were  restricted  to  the  region  in 
which  the  samples  were  transparent  because  of  the  experimental  conditions  that  the 
transmitted  light  signals  were  measured.  Therefore,  it  la  difficult  to  obtain  the 
dispersion  of  the  Brlllouln  scattering  cross  section  In  the  opaque  region  due  to  the 
strong  absorption.  To  overcome  this  restriction,  Chang  et  al.  proposed  to  utilize 
the  scattering  of  reflected  light  and  a  high  intensity  Ar  ion  laser  line  between 
457.9  am  end  514.5  nm.^  In  the  present  work  we  adopted  similar  method  except 
Fabry-Perot  Interferometer.  The  samples  used  In  the  present  work  are  single 
crystals  with  *  20  ohm-cm  resistivity  and  with  the  scattering  surface  of  optical 
flat  mechanically  polished  and  etched.  The  T2-mode  phonons  amplified  through 
acoustoelectric  effect  propagate  In  the  direction  perpendicular  to  the  c-axis  with 
sheer  polarization  parallel  to  the  c-axis.  The  laser  light  bean  Is  incident  on  a 
polished  surface  parallel  to  the  c-axls  and  the  scattering  plane  was  perpendicular 
to  the  c-axls.  Here,  the  Brlllouln  scattering  process  produces  a  scattered  light 
out  of  the  propagation  direction  of  the  reflected  light  beaa.  The  light  scattered 
by  the  ripple  mechanism  shows  no  rotation  of  the  polarization,  but  the  scattering 
by  the  elasto-optlc  mechanism  is  rotated  by  90*.^  Our  main  interest  in  the  present 
work  la  the  latter  mechanism  In  the  opaque  region.  Therefore,  we  choose  the 
polarization  direction  of  the  scattered  light  perpendicular  to  the  Incident  light. 
The  Interaction  length  between  phonon  and  photon  is  comparable  to  the  penetrating 
depth  (a-1)  and  restricted  to  the  surface  region.  Thus  the  scattering  is  induced  by 
the  surfeee  ecoustlc  waves.  The  identification  of  the  surface  acoustic  waves  was 
made  by  the  sound  velocity  v(T2)  *  ■  (l.®0±0.05)xl05  cm/ sec  and  selection 

rules  of  the  light  polarisation,  txperlments  in  the  transparent  region  were  made  by 
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using  the  net hod  reported  elsewhere.1  ^ 

2.  Dlscuaslone.  -  Figure  1  shows  wavelength  dependence  of  the  Brillouln  scattering 
cross  section  <7g(ln  arbitrary  units)  for  O.S  GHz  T2-mode  phonons  at  roon  teaperature, 
where  the  open  circles  with  error  bars  are  obtained  by  the  reflected  light  scattering 
geoaetry  and  the  solid  circles  are  the  experimental  data  obtained  by  the  transmission 
light  scattering  geoaetry.  These  two  Independent  data  were  plotted  by  comparing 
with  the  theoretical  curves.  According  to  the  theory  for  surface  elasto-optlc 
scattering  in  isotropic  opaque  materials,  the  cross  section  varies  with  absorption 
coefficient  a,  as  (l+(aX/2im)  ]  .  '  For  CdS  at  room  teaperature,  the  refractive 

index  n«2.8  and  a  is  nearly  constant  o.  10^  cn  * ,  for  450  nm  <  X  <  500  na.  In  the 
region,  the  aeaaured  Brillouln  scattering  cross  section  is  reduced  by  less  than 
=  5  Z.6'*  Therefore,  absorption  correction  can  be  neglected.  In  the  wavelength 

region  below  the  fundamental  absorption  edge,  the  Brillouln  scattering  cross  section 

2) 

has  a  deep  minimum  (resonant  cancellation)  at  around  560  nm.  At  shorter  wave¬ 
lengths,  a  resonant  enhancement  is  observed  in  the  neighbourhood  of  the  absorption 
singularities.  He  find  in  Fig.  1  a  clear  resonant  enhancement  in  the  opaque  region, 
where  the  three  absorption  edges  506  nm,  503  na,  and  491  nm  exist.  Similar  enhance¬ 
ment  in  this  region  is  observed  in  CdS  by  Chang  et  al.^  The  resonant  features 
(resonant  cancellation  and  resonant  enhancement)  in  the  transparent  region  have  been 
well  explained  by  the  following  light  scattering  theory.  It  is  interesting  to  check 
whether  the  resonant  enhancemer:  in  opaque  region  is  explained  by  the  same  theory 


Fig.  1. -Dispersion  curved  of  Brillouln 
scattering  cross  section  for  0.5,  CBs 
acoustic  phonons.  The  present  data  10 
the  opaque  region  is  shown  by  open 
circles,  while  the  data  in  the  trana- 
perent  region  is  shown  by  closed  circles. 


Fig.  2. -Dispersion  curves  of  photoelastic 
constant  F. .  Obtained  from  the  data  shown 
in  Fig.  1.  The  present  data  in  the 
opaque  region  Is  shows  by  open  circles, 
while  the  data  In  the  transparent  region 
is  shown  by  closed  circles. 
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with  the  sane  parameters, 
theory  In  the’  opaque  region 
the  for*:^ 


In  order  to  clarify  this  problem,  we  extend  the  existing 
.  The  scattering  cross  section  O0,  derived  by  Loudon  has 


I  R.  +R 
1  is  o 


B  i  r  _ Po6"gctPao _ 

18  v  a,e  * 


(1) 


where  is  the  frequency  dependent  Brlllouin  tensor,  and  hu>8  are  the  energy 

of  the  incident  and  scattered  photons,  is  the  phonon  energy,  SQ  is  the  natrix 

q  pa 

element  of  the  deformation  potential  scattering,  PQg  and  P^  are  the  appropriate 
momentum  matrix  elements,  and  Ro  is  the  non-resonant  term  arising  from  far  off 
critical  points.  Equation  (1)  indicates  that  the  scattering  cross  section  Increases 
as  the  incident  photon  energy  approaches  the  electron-hole  pair  energy  or 
Ikdg.  The  resonant  cancellation  (Og>0)  occurs  when  +  Rq  “  0.  P  is  a  phenemeno- 
loglcal  damping  factor  which  is  important  in  the  resonant  regions.  A  solid  curve  in 
Fig.  1  is  calculated  by  eq.  (1)  Including  both  the  real  and  imaginary  parts  of  R^s> 
where  the  exclton  effect  is  taken  into  account  in  the  manner  derived  by  Zeyher  et 
al.^'8)  On  the  other  hand,  a  dashed  curve  is  calculated  by  taking  into  account  the 
real  part  of  eq.  (1)  only.  The  experimental  data  show  a  good  agreement  with  the 
fotser  results  but  a  poor  agreement  with  the  latter  calculation.  From  these  results, 
we  conclude  that  the  imaginary  part  of  Rla  plays  an  important  role,  in  particular,  in 
the  region  of  the  absorption  edges. 

It  has  been  shown  that  the  Brlllouin  scattering  cross  section  is  analysed  from 

3—51 

phenomenological  aspect  by  Incorporating  the  piezobirefringence  theory.  In 

Fig.  2  we  show  the  dispersion  curves  of  the  photoelastic  constant  P^  determined  by 
the  relation  Og(T2)  «  |p^  +  i?J^|J  where  the  superscript  r  and  i  indicate  the  real 
and  imaginary  part  respectively.  Since  the  present  method  does  not  give 

signs  and  absolute  values  of  the  photoelastic  constant  but  relative  values,  they  are 

IT  9) 

adjusted  to  the  values  of  Yu  and  Cardona,  P.,  ■  -0.054  at  630  nm.  The  theoretical 
curve  of  the  absolute  value  of  P^  (  |p^  +  1P^  I )  obtained  from  piezobirefringence 
analysis  shows  a  good  agreement  with  the  experimental  data  in  the  region  investi¬ 
gated.  This  indicates  again  that  the  imaginary  part  of  the  photoelastic  constant 
plays  an  important  role  to  determine  the  dispersion  and  thus  the  dispersion  of  the 
Brlllouin  scattering  cross  section  in  the  resonant  enhancement  region. 
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THERMAL I ZAT I ON  OF  HIGH-FREQUENCY  PHONONS  IN  SILICON  SINGLE  CRYSTALS 

R.E.  Ho r 8 1 man  and  J.  Wolter 

Philips  Research  Laboratories,  Eindhoven,  The  Netherlands 


Aba  tract  ■-  Heat  pulses  generated  by  means  of  Mall  constantan  heaters  were 
transmitted  through  long  silicon  single  crystals.  Despite  isotope  scattering 
we  find  the  transmitted  energy  to  depend  linearly  on  the  applied  heater  power 
for  heater  temperatures  between  S  K  and  30  1C.  We  obtain  evidence  that  rapid 
thermallzatlon  of  the  phonon  pulse  takes  place  in  the  vicinity  of  the  heater. 

We  report  on  experiments  performed  to  study  the  Influence  of  Isotope 
scattering  on  the  transmission  of  high-frequency  phonons  through  long  silicon 
crystals.  The  observed  pulse  shapes  cannot  be  described  with  simple  models  for 
ballistic  or  diffusive  phonon  propagation.  The  experiments  indicate  that  frequency 
down-conversion  of  high-frequency  phonons  takes  place  within  several  microseconds  in 
the  neighbourhood  of  the  phonon  generator. 

The  experiments  were  carried  out  on  two  dislocation-free  silicon  single 
crystals  with  cylindrical  shape  (3  cm  diameter).  One  crystal  (10  cm  long)  was  grown 
along  the  [111]  direction,  the  other  (6  cm  long)  along  the  [100]  direction. 
Constantan  heaters  (impedance  SO  ohms)  and  aluminium  bolometers  (0.5  *  0.2  mm^)  were 
evaporated  onto  opposite  crystal  ends.  The  crystals  were  immersed  in  liquid  helium. 
Only  the  heater  and  the  bolometer  were  mounted  in  vacuum  cans. 

Voltage  pulses  (SO  ns  duration)  were  applied  to  the  heater.  The  detected 
signals  were  recorded  by  means  of  a  Biomat  Ion  8100  transient  recorder  and  stored  in 
the  memory  of  a  Nlcolet  1170  digital  signal  averager  connected  to  a  computer  system 
for  further  data  handling. 

Typical  signals  for  several  heater  temperatures  are  displayed  in  Flg.l  for  the 
[111]  crystal.  'The  amplitudes  of  the  pulses  have  been  scaled  to  the  same  height  to 
allow  a  better  comparison  of  the  pulse  shapes.  The  arrows  indicate  the  expected 
arrival  times  for  ballistic  phonon  propagation  of  the  transverse  phonon  modes  [1]. 
These  times  are  in  good  agreement  with  the  observed  onsets  of  the  heat  pulses. 
However,  the  observed  signals  are  substantially  broader  than  the  duration  (SO  ns)  of 
Che  original  pulse  applied  to  the  heater.  A  negligible  pert  of  this  broadening  is  due 
to  the  time  constant  of  the  bolometer  (100  ns)  and  the  finite  dimensions  of  the 
heater  and  the  bolometer.  From  the  data  [2]  for  the  Isotope  scattering  time  we 
calculate  the  arrival  times  for  the  maximum  amplitude  In  the  phonon  flux  at  the 
dominant  phonon  frequency  In  the  Fla  nek  spectrum  for  different  heater  temperatures 


C6-814 


JOURNAL  DE  PHYSIQUE 


(Table  I).  These  times  are  much  longer  than  the  times  observed  for  the  arrival  of 
the  maximum  phonon  flux.  Thus  simple  diffusive  phonon  propagation  caused  by  Isotope 
scattering  does  not  explain  the  observed  pulse  shapes. 


Figure  1 :  Bolometer  signal  for 
transverse  phonons  as  a 
function  of  time  for  different 
heater  temperatures. 
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0.2 
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0.7 

1 

1000 

21.0 

1.3 

0.1 

10000 

Table  7:  Calculated  mean  free  path  X  and 
expected  arrival  time  t  of  the  maximum  phonon 
flux  for  the  dominant  phonon  frequency  f^  in 
the  Planck  spectrum  of  a  heater  with 
temperature  T^  . 


He  also  determined  the  total  energy  arriving  at  the  detector  by  Integrating 
the  phonon  signal  for  different  heater  temperatures.  For  the  L  and  T  phonons  In  the 
(111]  crystal  Fig. 2  shows  the  energy  In  the  phonon  signal  as  a  function  of  the 
energy  applied  to  the  heater.  The  absolute  energy  scale  was  obtained  from  absolute 
measurements  In  the  manner  described  In  ref. 3.  He  find  that.  Independent  of  heater 
area  and  crystallographic  direction,  the  detected  energy  is  directly  proportional  to 
the  applied  heater  energy.  From  the  strong  frequency  dependence  of  the  Isotope 
scattering,  however,  we  expect  that,  with  Increasing  heater  temperature,  a  decreasing 
fraction  of  the  phonons  propagates  ballistlcally  from  the  heater  to  the  bolometer 
(dashed  line  In  Fig. 2). 

The  existence  of  Isotope  scattering  In  silicon  was  clearly  observed  in  heat 

I 

pulse  reflection  experiments  [4,5].  The  fact  that  It  does  not  show  up  In  our 
experiments  suggests  that  the  propagating  phonons  have  much  lower  frequencies  than 
the  phonons  generated  In  the  heater.  From  experiments  with  an  Al-Fb  tunnel junction 
with  tunable  detection  threshold  [6]  we  obtained  evidence  that  thermallxatlon  of  the 
hast  pulse  takes  place:  for  all  bias  voltages  the  detector  signal  depends  linearly  on 
the  applied  heater  power  Indicating  that  the  tunnel  Junction  is  slaply  warned  up. 


i 
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Figure  2:  Transmitted  energy  for 

longitudinal  and  transverse 
phonons  as  a  function  of  applied 
heater  energy.  Pulse  length  SO  ns. 
Upper  axis  show  calculated  heater 
temperatures.  (0)  2  Absolute 

measurements  for  1*1  u  used  for 
calibration.  Relative  measurements 
with  heaters  of  dimensions  2*2  mm, 
(x);  1*1  maT  (a);  0.5*0. 5  ■ 

(+).  Calculated  transmitted 
energy:  (fully  drawn  line)  all 
transverse  phonons  propagate 
balllstlcally;  (dashed  line) 

taking  Into  account  Isotope 
scattering 

APPLIED  HEATER  ENERGY  InJ/mnrt2! 

To  explain  our  results  we  suggest  the  following  model.  Due  to  Isotope 
scattering  a  hot  phonon  cloud  [7,8]  Is  formed  In  front  of  the  heater.  Inside  the 
cloud  strong  phonon  scattering  with  efficient  frequency  conversion  takes  place.  This 
Is  likely,  because  in  many  crystals  enharmonic  decay  of  L  phonons  at  1  THs  takes 

place  within  one  microsecond  [9].  Direct  decay  of  T  phonons  Is  much  less  likely,  but 

due  to  isotope  scattering  T  phonons  can  be  rspldly  converted  Into  L  phonons,  which 
subsequently  decay.  The  dimensions  of  the  cloud  are  defined  by  the  Isotope 
scattering.  From  this  cloud  low-frequency  phonons  escape  and  propagate  balllstlcally 
through  the  crystal.  The  observed  broadening  of  the  phonon  signal  at  the  opposite 
crystal  surface  la  determined  by  the  lifetime  of  the  high-frequency  phonons  Inside 
the  cloud. 
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SURFACE  ROUGHNESS  KAPITZA  CONDUCTANCE  :  DEPENDENCE  ON  MATERIAL 
PROPERTIES  AND  PHONON  FREQUENCY 


N.S.  Shiren 

IBM  Thomas  J.  Watson  Research  Center,  I  or kt own  Heights,  HI  10598,  U.S.A. 


Abstract.-  A  recent  calculation  of  the  surface  roughness  contribution  to  Kapitza 
conductance  is  compared  with  measurements  on  several  different  solid  materials  in 
contact  with  He  II. 


In  a  recent  publication1  I  have  presented  some  results  of  a  first  order  perturbation 
calculation  of  the  effect  of  a  statistically  rough  surface  on  Kapitza  resistance.  These 
results  were  compared  with  previously  published  data  on  Cu  -  He  ,  Cu  -  He  II,  and 
NaF-He  II  interfaces.  Excellent  agreement  in  magnitude,  temperature  dependence,  and 
pressure  dependence,  was  found  at  temperatures  above  0.2  K  for  reasonably  realistic 
values  of  the  parameters  (r.m.s.  amplitude  and  correlation  length)  characterizing  the 
roughness. 

In  this  paper  I  compare  the  calculated  Kapitza  conductances  for  several  materials 
with  measured  values  compiled  by  Snyder,2  and  also  discuss  the  frequency  dependence  of 
the  scattered  phonons. 

Let  M  indicate  the  wave  polarization  in  the  solid;  M  ■  /  for  longitudinal  waves; 
M  m  a,  v  for  waves  polarized  perpendicular  or  parallel  to  the  plane  of  scattering,  respec¬ 
tively.  Then,  from  reference  1,  for  an  incident  power  per  unit  surface  area  per  unit  solid 
angle  per  unit  frequency,  at  frequency  «  in  the  liquid,  the  fractional  differential 

scattered  flux  into  mode  M  in  the  solid  is. 


D 


M” 


d*M/dOM 


(1) 


I  I 

k "  and  k  j,  are  the  components  of  the  wave  vectors  in  the  liquid  and  solid,  respectively, 
parallel  to  the  interface.  The  FM  are  dimensionless  expressions  which  are  functions  of  all 
the  various  scc.tering  and  input  angles  as  well  as  the  velocities  and  densities.  d#M/dOM  is 
the  scattered  power  per  unit  surface  -uea  per  unit  solid  angle  per  unit  frequency. 
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G(K)  is  the  spectral  density  of  the  roughness  modes  with  wave  vector  K  and 
amplitude  fK.  For  a  simple  exponential  surface  correlation  function  with  correlation  length 
t  and  mean  square  amplitude  <f2>  (<  >  indicates  an  average  over  an  ensemble  of 
representations  of  the  surface),  G(K)  is  given  by 

2  2 

G(K)  -  d<d>/d K2  -  2w — <L>L -  .  (2) 

(1+K  V)3/2 


The  frequency  dependence  of  DM  is  completely  determined  by  the  factor  kJ,G.  Let 
H  =  ( |  kjJJj  —  k  ®  |  )/kM,  then  H  is  independent  of  frequency,  and 


k£,G(kMH)  -  2v 


<{2> 


M 


(*M'f 


i  [i+H2(kM/n 


2,3/2 


(3) 


Thus  Dm  is  directly  proportional  to  the  mean  square  of  the  perturbation  parameter  kMf, 
and  l  appears  as  a  scale  factor  on  the  frequency. 

The  total  power  per  unit  surface  area  scattered  into  the  solid  is 

Qs  -2  fdQif  <®Mf  «*«Dm(**i/**i>  .  (4) 

Its  contribution  to  the  Kapitza  conductance  is 

hK  “  d<V*T  •  (5) 

and  the  total  thermal  resistance  of  the  interface  is 

R  -  h*1  -  (h£M  +  h^)-1  .  (6) 

Fig.  1  shows  the  frequency  dependence  of  Q,  for  single  frequency  inputs.  At  the 
low  frequency  end  Qg«c(k/)  (<{  >/(  )  as  expected  from  Eq.  (2).  However,  for  large 
(kf)  small  values  of  H  are  emphasized  and  Qs  tends  to  vary  as  the  integral  of  Eq.  (2) 
(over  HdH),  i.e.  Q|c(k/)Z(<f2>//2).  Since,  as  shown  by  Fig.  1,  the  scattering  probabili¬ 
ty  increases  monotonically  with  frequency,  for  thermal  inputs  the  scattered  frequency 
distribution  is  shifted  towards  higher  frequencies.  However,  thru  H  the  amount  of  the 
shift  is  angle  dependent;  large  angle  inputs  (from  the  helium)  are  shifted  less  than  small 
angle  inputs.  These  results  ate  not  dependent  On  the  specific  form  of  G(K)  used  here. 
They  hold  for  any  normalized  G(K)  which  decreases  monotonically  with  increasing  K. 

Snyder2  has  tabulated  the  largest  reported  values  of  hK  for  several  materials.  I  have 
chosen  to  compare  the  theory  with  these  data  (rather  than,  e.g.  the  rmilnit  reported 
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values)  because  it  is  more  likely  that  hj^>>h^M.  The  integrations  required  for  evaluation 
of  Eq.  (S)  were  all  computed  numerically  assuming  9 {  proportional  to  a  Debye  density  of 
states  and  equilibrium  phonon  populations.  Of  course,  actual  values  of  <f2>  and  t  are 
not  known  so  some  choice  has  to  be  made.  I  have  used  the  same  values  of  <f2>/f  2  and 
t  / vt  (v,  is  the  shear  wave  velocity)  for  all  the  materials. 

Fig.  2  shows  the  relative  values  of  hg  plotted  against  relative  hj£““  (from  Snyder2). 
Obviously,  we  cannot  expect  exact  agreement  because  of  the  unknown  quantities  <f2> 
and  t,  however  the  general  trend  is  correct. 


Fig  2  :  Relative  values  of  scattering  contrib¬ 
ution  to  Kapitza  conductance,  h^,  versus 
largest  measured  values2  of  hK  for  the  indi- 


Fig.  1  :  Relative  values  of  total  transmitted 
intensity  (Qsxf2/<f2>)  for  He  II  to  NaF, 
versus  k(/.  kt  is  the  shear  wave  vector  in  the 
solid. 


cated  materials  in  contact  with  He  II. 
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EFFECT  OF  SURFACE  ROUGHNESS  ON  THE  KAPITZA  RESISTANCE 

T. J.  Shen,  D.  Castiel  and  A. A.  Maradudin 

Department  of  Physios,  University  of  California,  Irvine,  California  92717, 

U. S.A. 


Abstract.-  The  Xapitsa  resistance  due  to  acoustic  phonons  crossing  a  rough 
planar  interface  frosi  liquid  He  into  an  isotropic  solid  is  investigated,  and  its 
characteristic  function,  vis.  the  penetration  coefficient  is  calculated  as  a 
function  of  the  frequency  of  the  incident  phonons  and  their  angle  of  incidence. 


The  propagation  of  acoustic  phonons  across  the  interface  between  liquid  Hell 
and  a  solid  has  been  proposed  as  the  aechanisa  giving  rise  to  the  theraal  boundary 
(Kapitsa)  resistance  at  this  interface*.  However,  this  process  predicts  a  Kapitsa 
resistance  10-100  tiaee  higher  than  the  experiaental  results.  This  indicates  the 
existence  of  additional  heat  conduction  aechanissu.  Among  the  possible  candidates 
are  the  diffusely  scattered  phonons,  which  are  observed  in  phonon  reflection  and 
transmission6  experiments.  To  account  for  the  diffuse  phonons,  the  theory  of  a 
rough  interface  has  been  introduced  in  some  simplified  versions.5'6  Here  we  re- 
exaaine  the  effects  of  roughness.  He  consider  a  systea  in  which  the 
region  Xj>?(x*)  is  filled  with  liquid  Hell,  while  the  region  Xj<c(*|)  is  filled  by 
an  isotropic  elastic  medium.  He  treat  both  aedia  as  non-dissipative. 


The  surface  profile  function  c(x()  is  taken  to  be  a  stationary  stochastic 
process  with  the  following  statistical  properties.  (1)  <?(*,)>  **  0;  (2) 
<5(Xj)c(xJ)>  ■  d2exp(-|x(-x'(|2/a2),  where  6  and  a  are  the  root  aean  square 
departure  of  the  surface  froa  flatness  and  the  transverse  correlation  length, 
respectively. 

The  heat  flux  Q  across  the  interface  is  given  by 
*Kc2  "  %  <c„k  ' 

Q  * - — t"  /  dkkJn(r—ir)  J  dco»8cos8P(k,8)  ,  (l) 

(2«)Z  o  T  o 


where  n  is  Planck's  function,  ce  is  the  sound  velocity  in  liquid  He,  P(k,6)  is  the 
penetration  coefficient  of  a  phonon  with  aoa*ntim4%£(ka  iStl)  incident  froa  the 
liquid  side  at  an  angle  8  into  the  solid  and  is  given  by 

<g‘r,0,> 

‘ir 


P(k,8) 


(2) 
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where  SjnC  and  <Sjran*>  are  the  normal  components  of  the  incident  and  the  statis¬ 
tically  averaged  transmitted  energy  fluxes.  These  energy  fluxes  depend  on  the 
velocity  potential  +(x,t)  in  the  liquid  and  the  displacement  field  u(x,t)  in  the 
solid  which  are,  for  x,, > , 

,2. 


♦(i.t) 


-not 


le 


iVxfiao(kl)x3,  d  ql  .  iql*xl+iao(ql)x3 


JJ- 


A,e 


(2w) 


2  1 


}  • 


(3a) 


and  for  x,<  £  .  , 

3  ain* 


'«i  iqrxi,  _iat(qi)x3 


(u^x.t),  Ujix.O.Ujix.t))  -  e  lwt/ - - L.  e  1  '{e 


(2r) 

a»S\,  .  _iat<ql)x3 


(  *  A  *  A. 

*  lql*q2»””l - ^2  +  6 


ql*4‘  a3)1  ;  (31) 


where  we  have  denoted  A.(q  lit  )  (j  ■  1,2, 3,4)  by  A:  for  simplicity.  In  these 

a  J"*  2  J2  2  V? 

expressions  q  “  q  /q.,  a  »  1,2,  end  a  (q.)  ■  [an  /c  -q.I  2  for  q,<w/c  and 
a  a  I  pi  P*  ip 

2  2  2  Vi 

i[q,  -  »  /c  1  2  for  q  >w/c  ,  with  p  ■  o,i,t,  and  c  ,  c  and  c  are  the 
ip  l-P*  It  o 

longitudinal,  transverse  sound  velocities  in  the  solid  and  the  sound  velocity  in 
liquid  He.  These  coefficients  are  determined  by  the  boundary  conditions,  viz.  the 
continuity  of  the  normal  components  of  the  velocity  and  the  stresses  acting  on  the 
surface  x ^  ■  c(xf),  and  the  perturbative  solutions  for  them  can  be  written  in  the 
following  forms 


Aj(q,lk,)  -  Sj8^((2w)2«(q(-^|)  ♦  C(q1“<i|)*j1>Cq|lit|)  + 


<>2y. 


--j  C(t,-'^,)c(:T1-2|)ej2)<q|,Y1lt()  ♦  ...}  ,  j  -  1,2,3 

(4a) 


A. 


A^(qj  )  *  ^(qj-t^a^1  (q(lf()  ♦  / - iy  c(4|“Y,)c(Y,~£,)a42  (q,»Y,l^,)  ♦...  . 

(2*)a 

(4b) 

where  the  superscripts  denote  the  order  of  the  oerreepooding  tans  in  c(X|), 
and  «({,)  is  the  fburier  transform  of  c(x().  le  terms  of  these  coefficients, 
f(k,l)  can  he  separated  into  a  specular  part  and  a  diffuse  part 


F(k,e)  -  Pi<k,«)  ♦  Pd(k,d)  , 


(•) 


*.<*••>  "TteSW  (u2°)(ki>|2  -  ""t|k|>> 


where 
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d2 

*  [l  +  2«2Re  |  g(  )«j2)(ic|1q||it|)  +  . .  .  ]} 

,  2k2  k2-a2(k.) 


♦  i^.)'2  *u— v  -yd-] 


X  [X  ♦  2«2  Re  j~  ™  g(  lic,-q,l  )«3  ♦  ...  J)  ,  (6*) 


2  2  2 

■rSjsw**  •>'*.-*, '>((*,<■>.> 

o  (2«)  qj 

2  2  2 

,  (o)„  ,  (1),*  ,>,,2  .  r  2ql  ’i'Wi,  (o),.  v  (l),*,.e*,2 
x  |.2  (k,)«2  (q,|k,)l  ♦  [-^7* - SJ^r]|a3  (k.)a3  <qi|k.)l 


♦  at(q|)|«^1)(t||t|)|2}  ♦  ...  ,  (6b) 


idtere  p  and  p  are  the  mass  densities  of  the  solid  and  liquid  He,  and  the  result 
that  <C(J,)c(fj)>  ”  62(2*)26(i?1+  la*  Jgtkn )  has  been  used.  We  use  an  adaptive 


numerical  integration  scheme  to  evaluate  the  diffuse  part  of  the 

penetration  coefficient,  which  is  shown  in 
Fig.  1  for  Sm  a,  and  will  present  the  results 


for  the  Kapitza  resistance  elsewhere.  In  Fig. 
1,  the  two  peaks  at  the  angles  of  6.4°  and 
nearly  90°  come  from  the  excitation  of  genera¬ 
lized  Rayleigh  waves  and  stoneley  waves, 
respectively. 


Fig.  1.  The  diffuse  part  of  the  penetration 


cm 


coefficient  versus  the  angle  of  incidence  for  two 


different  frequencies  w(“cok) . 
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PHONONS  OF  THE  METAL/AMORPHOUS  SILICON  INTERFACE  STUDIED  BY 
INTERFERENCE  ENHANCED  RAMAN  SCATTERING 


R.J.  Nemanich  and  C.C.  Tsai 

Xerox  Palo  Alto  Research  Center,  3332  Coyote  Hill  Road,  Palo  Alto,  California 
94304,  U.S.A. 


Abstract  -  Hie  interference  enhanced  Raman  scattering  (IERS) 
configuration  is  used  to  study  the  initial  interfacial  interactions  of  thin 
films  of  Pd  or  Pt  on  hydrogenated  amorphous  sificon  (a-Si:H).  Sharp 
spectral  features  are  observed  in  the  Raman  spectrum  of  as-deposited 
Pd  on  a-Si:H  which  are  attributed  to  crystalline  Pd2Si.  In  contrast,  for 
as-deposited  Pt  on  a-Si:H,  broad  spectral  features  are  observed  which 
are  attributed  to  an  intermixed  Pt-Si  phase. 


SUicide  formation  at  metal-semiconductor  interfaces  is  an  important  aspect  of 
future  technologies  and  relates  to  the  nature  of  Schottky  barrier  formation.  Most  work 
has  been  concerned  with  interactions  at  metal-crystalline  silicon  interfaces.1-2  However, 
since  hydrogenated  amorphous  silicon  (a-Si:H)  has  exhibited  true  semiconductor 
properties.  Interactions  at  the  metal/a-Si:H  interface  will  also  be  important  and  could  be 
quite  different  from  Interactions  on  crystalline  Si.  tn  this  study  Raman  scattering  is  used 
to  probe  the  initial  interactions  at  the  Interface  of  Pd  and  Pt  on  a-SfcH. 

Although  light  scattering  has  proved  a  very  useful  probe  of  lattice  vibrations  of 
insulators,  semiconductors  and  even  some  metals,  this  probe  has  only  recently  achieved 
any  success  in  studying  the  physical  interactions  at  interfaces  and  surfaces.  In  particular, 
the  metal-semiconductor  interface  has  proven  to  be  a  particularly  difficult  configuration, 
but  the  interactions  at  a  metal-semiconductor  interface  are  both  physically  varied  and 
technologically  important.  There  are  several  major  experimental  problems  with  tight 
scattering  in  a  standard  bacfcacattering  configuration.  Firstly,  the  interface  region  is  a 
small  portion  of  the  sample,  and  excitations  of  the  region  are  often  "masked”  by  thoee  of 
the  semiconductor.  In  addition,  because  of  the  high  reflectivity  and  absorption  of  visible 
light  from  metals  (or  semiconductors),  tt  is  difficult  to  Illuminate  the  "buried”  interface. 
Furthermore,  the  scattering  that  does  occur  is  strongly  absorbed.  While  there  has  been 
recent  success  using  standard  Raman  backscattering  techniques  to  explore  the  metal- 
semiconductor  interface,  a  new  technique  caned  interference  enhanced  Raman  scattering 
(IERS)3  holds  the  possibility  of  routine  application  to  many  problems  in  this  area. 

The  IERS  configuration  utilizes  a  multilayer  sample  configuration  which  enhances 
Vis  signal  by  optical  interference  properties.  For  scattering  from  a  metal/a-Si:H  interface, 
a  four-layer  structure  is  used  and  a  schematic  of  this  structure  is  shown  in  Fig.  la.  This 
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Rg.  1 :  (a)  A  schematic  of  the  four-layer 
sample  configuration  used  to  obtain 
interference  enhanced  Raman  scattering 
(IERS);  (b)  the  electric  field  Intensity  due 
to  514.5  nm  light  impinging  on  the 
multilayer  sample  shown  In  (a)  at  normal 
incidence.  The  dashed  lined  represents 
the  light  intensity  if  no  sample  were 
present 


Fig.  2:  The  Raman  spectra  of  (a)  a-Si:H, 
(b)  2  nm  Pd  on  a-Si:H  and  (c)  5nm  Pt  on 
a-Si:H.  Polarized  spectra  are  shown  in 
(b)  and  the  symbols  refer  to  the 
polarization  of  the  incident  and  scattered 
light  with  respect  to  the  scattering  plane. 


configuration  consists  of  an  optically  thick  aluminum  layer,  a  40  nm  Si02  layer,  a  10  nm  a- 
Si:H  layer  and  a  Pd  or  Pt  layer  of  2  to  6  nm.  Using  the  bulk  optical  properties  of  these 
films,  we  can  calculate  the  light  intensity  inside  the  sample  due  to  the  incident  514.5  nm 
radiation.  The  results  of  this  calculation  indicated  in  Fig.  lb  show  that  the  fight  intensity  is 
a  maximum  at  the  interface  and  is  actually  equal  to  the  incident  light  intensity.  This 
intensity  could  be  5  to  50  times  stronger  than  that  at  a  similar  metal  interface  on  a  thick 
semiconductor.  In  addition,  the  same  interference  conditions  that  cause  the  optimization 
of  fie  Incident  light  also  causes  enhanced  normal  emission  of  the  Raman  acaHered  tight 
which  originates  at  the  interface.  This  can  cause  an  additional  enhancement  of  up  to  a 
factor  of  4.  Thus,  the  Raman  scattering  signal  from  the  interface  using  IERS  may  be  200 
times  Stronger  than  from  normal  backscatter  configurations.5  The  IERS  configuration 
holds  the  additional  benefit  of  reducing  the  substrate  excitations  on  two  grounds  the 
semiconductor  is  very  thin  and  the  optical  Intsrferanorts  destructive  for  axdtatlona 
deeper  In  the  sample. 

The  a-SfcH  used  In  this  study  wsa  deposited  by  plasma  decomposition  of  pure 
silane  where  1  to  2W  of  if  power  auetamed  the  plasma,  and  the  substrates  were  hetif  at 
*»  anode*  a  tempers***  of  230*0.  The  reeuOsnt  matertel  te  imownto  hswe  low  defect 
denemtse  and  contain  *6  at  %  ft4  The  Pd  was  thermatiy  evaporated  after  the  a-SfcH 
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deposition,  and  the  a-Si:H  film  suffered  an  exposure  to  air  for  less  than  15  min. 

The  Raman  spectrum  of  a-Si:H  In  the  IERS  configuration  is  shown  in  Fig.  2a.  The 
broad  continuous  spectrum  obtained  from  the  a-Si:H  is  essentially  identical  to  that 
obtained  from  thick  a-Si:H  films.  And  while  not  shown  here,  the  second  order  Si  network 
vibrations  and  Si-H  vibrations  are  also  identical  to  corresponding  features  from  similarly 
prepared  thick  a-Si:H  films.5  Thus,  the  10  nm  a-Sf:H  fHm  Is  essentially  "bulk-like"  in  its 
vibrational  excitations. 

The  deposition  of  2  nm  of  Pd  on  this  film  causes  dramatic  changes  in  the  Raman 
spectra.  Polarized  Raman  spectra  shown  in  Fig.  2  b  display  several  sharp  features.  Since 
Pd  has  no  first  order  Raman  spectrum,  these  features  are  attributed  to  a  crystalline  Pd- 
silicide  compound  which  forms  at  the  interface  of  the  Pd  and  a-Si:H  film.  By  comparison 
with  thick  silickje  films  formed  on  crystalline  Si,  these  features  can  be  attributed  to  a  form 
of  Pd2Si.*  It  should  be  emphasized  that  the  sharp  lines  indicate  the  presence  of  a 
crystalline  compound.  To  determine  the  extent  of  the  initial  silicide  formation,  3  nm  and  6 
nm  Pd  films  on  a-Si:H  were  also  examined,  and  it  was  found  that  ~2  nm  of  the  Pd  was 
initially  consumed  to  form  a  silicide.5 

The  chemical  similarity  of  Pd  and  Pt  would  suggest  that  a  corresponding  result 
might  be  obtained.  As  is  shown  in  Fig.  2c,  there  are  no  additional  sharp  spectral  features 
after  Pt  deposition  on  a-Si:H.  There  is,  however,  a  significant  broad,  low  frequency 
contribution  not  evident  in  any  of  the  other  spectra.  This  feature  is  attributed  to  an 
intermixed  Pt-siHcon  phase  which  lacks  long-range  order.  Annealing  of  this  sample  to 
200*C  causes  the  appearance  of  sharp  spectral  features  which  are  attributed  to  crystalline 
compounds  PtjSi  and  PtSi.  It  should  be  noted  that  annealing  both  the  Pt  or  Pd/a-Si:H 
structure  leads  to  improved  Schottky  barrier  properties.7 

We  are  certainly  encouraged  by  the  success  of  the  IERS  technique.  Its  major 
limitation  is  that  thin  film  structures  are  required.  Thus,  it  is  easier  to  work  with 
amorphous  semiconductors,  but  with  the  use  of  molecular  beam  epitaxy  the  scope  of  the 
IERS  technique  may  be  broadened  to  examine  cryataWne  interfaces. 
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FILM  THICKNESS  DEPENDENCE  OF  HEAT  TRANSMISSION  INTO  HELIUM* 

P.  Taborek,  H.  S invan i ,  M.  Weiner  and  D.  Goodatein 

California  Inetitute  of  Technology  ,  Pasadena,  CA  9112S,  V.S.A. 

Abstract.-  A  heater  is  pulsed  at  the  interface  between  a  sapphire  crystal  and 
an  adsorbed  *He  film.  For  short  pulses,  the  amount  of  heat  absorbed  by  the 
film  saturates  when  the  film  thickness  reaches  a  few  layers,  just  as  observed 
in  phonon  reflection  experiments.  For  longer  pulses,  however,  there  is  little 
difference  between  thin  film  and  vacuum  results,  while  substantial  heat  is 
transferred  to  the  bulk  liquid. 

After  a  decade  of  fast  heat  pulse  phonon  reflection  experiments  in  many  lab¬ 
oratories,  one  of  the  most  striking  and  persistent  results  is  what  might  be  called 
the  three  layer  effect.  Narrow  heat  pulses  (50  -  100  nsec)  traverse  a  crystal 
ballistically,  are  reflected  from  a  surface,  and  return  to  be  detected  by  a  bolo¬ 
meter.  The  maximum  bolometer  signal  is  seen  when  the  surface  Is  in  vacuum.  If 
the  surface  is  coated  with  a  thin  film  of  helium,  the  signal  diminishes,  indicating 
that  some  of  the  heat  incident  upon  the  surface  has  been  transmitted  into  the 
helium.  This  change  In  the  signal  saturates  at  about  three  atomic  layers  of 
adsorbed  helium.  No  further  change  Is  seen  as  the  film  thickness  Increases  to 
Infinity  (bulk  liquid). 

He  have  performed  a  series  of  experiments  which  throw  new  light  on  this  three 
layer  effect.  In  these  experiments,  an  ohmic  heater  Is  evaporated  directly  onto  a 
crystal  surface  upon  which  the  He  film  thickness  may  be  manipulated.  On  the  far 
surface  of  the  crystal,  a  superconducting  transition  bolometer  In  a  constant  tem¬ 
perature  superfluid  bath  detects  that  portion  of  the  heat  which  enters  the  crystal 
rather  than  being  carried  away  by  the  helium.  The  crystal  is  a  sapphire  cylinder, 

57  mm  in  diameter  and  9.5  mm  thick,  oriented  with  the  heater  and  bolometer  along 
the  crystallographic  y-axls.  Since  the  power  dissipated  in  the  heater  Is  shared 
between  the  crystal  and  the  helium,  we  call  this  the  "power  sharing"  geometry. ^ 
(See  Fig.  1  Inset). 

The  results  of  these  experiments  may  be  summarized  briefly  as  follows:  when 
narrow  heat  pulses  (150  nsec)  are  used,  the  bolometer  signal  Is  much  like  that  In 
reflection  experiments,  most  of  the  change  being  due  to  the  first  three  layers 
(see  Fig.  1).  On  the  other  hand,  when  wide  heat  pulses  (~  10  usee)  at  the  same 
power  density  are  used,  the  bolometer  signal  for  a  three  layer  film  barely  differs 
from  the  vacuum  result,  while  substantial  transmission  Is  observed  Into  bulk 

'Supported  In  part  by  OMR  Contract  #  NOOO 14-80- C -0447. 
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Fig.  1  :  Phonon  signal  in 
power  sharing  geometry  for 
various  He  film  thicknesses 
on  heater.  Heater  pulse 
width  150  nsec,  heater  power 
density  0.2  watts/mm  (typical 
power  density  In  reflection 
experiments:  .02  W/imtz). 


liquid  (see  Fig.  2). 

These  observations.  Imply  that  the  three  layer  effect  is  a  consequence  of  the 
kinetics  of  film  desorption.  A  detailed  calculation  indicating  that  this  is  indeed 
the  case  will  be  discussed  briefly  below,  and  presented  in  full  in  a  subsequent 
publication. 

Previous  Investigators  have  attributed  the  three  layer  effect  to  other  causes. 
Guo  and  Marls ^  reported  a  correlation  between  heat  transmission  and  film  thick¬ 
ness.  That  observation  implies  that  the  coupling  of  heat  across  the  crystal -hell urn 
interface  (l.e.,  the  anomalous  Kapt.tza  effect)  comes  into  play  in  the  first  three 
layers  or  10  I  of  film.  Metsche  and  Kinder^  argue  Instead  that  the  transmission 
of  heat  Is  determined  by  the  pressure  In  the  helium  gas,  which  governs  the  effec¬ 
tive  Interfacial  resistance  between  the  helium  film  and  the  gas.  The  latter  hypo¬ 
thesis  alone  does  not  explain  our  long  heat  pulse  power  sharing  results,  since  the 
pressure  in  the  gas  Is  not  affected  by  our  heat  pulses. 

To  account  for  these  and  other  experiments,  we  have  formulated  a  model  of  the 
kinetics  of  thermal  behavior  In  the  film-gas  system,  when  heat  Is  Injected  into  the 
film.  Equations  are  written  for  the  conservation  of  energy  and  mass  in  the  film, 
the  dynamical  variables  being  the  film  thickness  and  temperature.  Energy  flows 
across  the  film-solid  Interface  mediated  by  the  Kapltza  resistance,  which  Is 
assumed  to  be  Independent  of  the  film  thickness.  The  equations  can  be  linearized 
and  solved  analytically  for  reflection  experiments.  In  the  power  sharing  experi¬ 
ments,  where  the  power  densities  may  be  much  higher,  they  are  solved  numerically. 

The  central  result  of  the  calculation  Is  that  when  heat  Is  Injected  Into  the 
film.  It  evolves  toward  steady  state  behavior  with  a  characteristic  time,  tq,  which 
Is  typically  of  order  1  psec.  At  times  short  compared  to  tqi  energy  Is  consumed  by 
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Fig.  2  :  Phonon  signal 
In  power  sharing  geom¬ 
etry.  Conditions  iden¬ 
tical  to  those  in  Fig.  1 
except  heater  pulse 
12  usee. 


the  latent  heat  and  heat  capacity  of  the  film.  At  longer  times,  much  less  energy 
is  transmitted  out  of  the  solid  since  the  only  remaining  mechanism  to  carry  it  away 
is  the  excess  kinetic  energy  of  desorbed  atoms  over  adsorbed  atoms  in  the  steady 
state.  In  this  way,  the  model  accounts  for  the  results  in  Figs.  1  and  2  of  this 
paper.  It  also  predicts  the  three  layer  effect  in  narrow  heat  pulse  reflection 
vAperiments.  In  particular,  it  is  in  quantitative  agreement  both  with  the  results 
of  Guo  and  Maris^,  and  with  those  of  Dletsche  and  Kinder. 

In  conclusion,  then,  we  believe  the  three  layer  effect  is  not  a  consequence 
of  the  evolution  of  the  Kapitza  effect.  It  is  due  instead  to  the  kinetics  of  the 
desorption  process.  No  new  information  Is  revealed  about  the  mysterious  Kapitza 
resistance,  but  we  see  that  heat  pulse  techniques  using  fast  heaters  and  bolometers 
constitute  an  excellent  way  of  studying  the  important  problem  of  desorption 
kinetics. 
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PHONONS  AT  METAL  SURFACES 

C.  Schwartz  and  W.L.  Schaich 

Physios  Department,  Indiana  University,  Bloomington,  IN  47405,  U.S.A. 


Abstract ■  -  We  examine  phonons  at  metal  surfaces  using  hydrodynamic 
equations.  The  principle  focus  Is  on  the  strength  of  the  electric  field 
produced  outside  the  metal  by  such  oscillations.  We  find  that  the 
magnitudes  of  these  coupling  strengths  for  both  surface  and  bulk  modes 
depend  crucially  on  the  boundary  conditions  Imposed  at  the  surface. 


1.  Hydrodynamic  model.  -  Our  linearized  continuum  model  of  the  coupled  motion  of 
electrons  and  ions  is  defined  by  the  equations: 

ft^ 

|li  -  i  +  p„  [c2  $  ($-t±)  -  c*  $  X  X  tt>]  (la) 


t  -  p„  le|  $  (lb) 

$•?  -  4irp.($’te  -  ^'tj)  (lc) 

where  e  and  1  subscripts  refer,  respectively,  to  electrons  and  ions;  ?  is  the 
(longitudinal)  electric  field;  ps  the  (constant)  equilibrium  ion  charge  density, 
ftp  and  ^  are  the  ion  and  electron  plasma  frequencies;  the  c's  and  8^  parametrize 
short  range  restoring  forces;  and  the  t's  are  displacement  fields  related  by  a 
time  derivative  to  the  current  densities  T  :  “  P.  |^-1  and  je"-p0  -||e  .  Note 

that  we  have  neglected  retardation  and  discrete  lattice  effects  and  that  only  the 
ions  sense  transverse  forces,  via  cT.  In  bulk  material  at  a  general  frequency  u  , 
one  has  electronic  longitudinal  waves  and  ionic  longitudinal  and  transverse  waves. 
When  one  considers  excitations  near  a  surface,  where  p0  drops  discontlnuously  to 
zero,  linear  combinations  of  these  bulk  modes  plus  excitations  varying  as 
e^'^e-^ ^  must  be  used.  Here  ?  (and  the  wsvevector  Q)  lies  in  the  surface  plane 
while  x  is  normal  to  it.  The  coupled  modes  are  labeled  by  u,  Q,  and  polarization 
indices.  To  determine  the  elgenmodes  of  (1)  requires  in  general  the  imposition  of 
five  independent  surface  boundary  conditions.  For  the  first  two,  we  use  continuity 
of  the  potential  ♦  (2--$*)  and  continuity  of  the  normal  component  of  the  displace¬ 
ment  field.  This  last  is  equivalent  to  A  0t-x)“4irog  ,  where  og  is  the  induced 
surface  charge  density  and  A  (...)  means  the  discontinuity  in  (...).  For  the  other 
boundary  conditions  we  have  examined  several  possibilities.  Consideration  of  metal 
or  plasma  physics  suggests  we  set  c<j»0,  which  eliminates  the  transverse  nodes  and 
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one  boundary  condition,  and  for  the  remaining  two  conditions  require  at  the  surface, 

Ti'X  -  0  -  Je-x  ,  (2) 

which  we  call  case  C.  Note  that  (2)  Implies  crs“0.  On  the  other  hand,  elasticity 
theory  suggests  we  keep  c^j*  0  and  instead  require  (case  S) 

oT-x  «  0  -  a*‘i  (3) 

1  G 

where  o*  is  the  stress  tensor  that  leads  to  (1). 

2.  Results.  -  The  different  boundary  conditions  (2)  and  (3)  lead  to  dramatically 

different  predictions.  Consider  first  possible  surface  modes.  With  (2)  there  is 

a  surface  mode  just  below  (at  each  Q)  the  bulk  longitudinal  modes.  This  mode  has 

1  2 

been  found  also  in  less  general  (c  «0)  models.  ’  With  (3)  a  surface  mode  only 

Li 

appears  below  the  bulk  transverse  modes.  This  surface  mode  is  in  essence  a 
(stiffened)  Rayleigh  wave.  It  requires  a  finite  c^  and  the  effective  longitudinal 
sound  speed  is  vjr=  c£+Cg  where  fl  -c^kg  with  kg“Up/g  .  To  discuss  the  possible 
external  coupling  to  these  modes  we  have  quantized  them  and  write  the  external 
potential  as  <t(x)-£  A  e1?’-  e”^X(a  +ajl")  where  a+  (a)  is  a  creation  (annihilation) 

o  y  y  *5 

operator  for  the  surface  mode  Q .  A  similar  expression  holds  for  the  coupling  to 

uulk  modes.  In  figure  1  we  plot  A.  vs.  Q  for  the  cases  C  and  S  and  also  an 

"  3 

analogous  quantity  from  the  theory  of  Rahman  and  Mills  ,  case  R. 


Fig,  1 :  External  coupling  strength 
parameter  A  for  surface  modes  resulting 
from  different  boundary  conditions  versus 
surface  wavevector  Q.  All  A's  are  in  the 
same  arbitrary  units.  Other  symbols  are 
defined  in  the  text. 


In  figure  2  we  plot  a  quantity  B,  proportional  to  the  sum  of  the  squares  of 
all  the  finite  A's  for  the  bulk  modes  at  each  u  and  Q.  Simple  Integrals  of  B 
determine  experimental  quantities  such  as  Image  potentials,  electron  loss  spectra, 
or  thermal  diffuse  scattering. 
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Fig.  2:  External  coupling  strength 
parameter  B  (dimensionless)  for  bulk 
modes  subject  to  different  boundary 
conditions  versus  surface  wavevector 
Q  at  fixed  frequency  u.  See  text  for 
definition  of  the  other  symbols. 


The  most  striking  feature  of  both  figures  (1)  and  (2)  la  the  small  relative 


size  of  the  A's  for  case  S.  They  are  reduced  by  roughly  compared  to  thoa'- 

.... 

for  cases  C  or  R. 


Closer  study  shows  that  the  condition  o^x-0  is  the  cauae 


this  reduction.  Requiring  the  electrons  to  sense  zero  stress  at  the  surface 
essentially  suppresses  any  external  fields  at  frequencies  comparable  to  Sp«i<i 
This  work  was  supported  In  part  by  the  NSF  through  grant  DMR  78-10235. 
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SURFACE  LATTICE  DYNAMICS  OF  NICKEL 

V.  Bortolani,  A.  Franchini,  F.  Nizzoli  and  G.  Santoro 

Istituto  di  Fisiaa  and  G.N.S.M.-C.N.R. ,  University  di  Modena,  41100  Modena, 
Italy 

Abstract.-  In  the  framework  of  a  central  and  angular  force  constants  model,  we 
have  evaluated  the  phonon  spectrum  and  the  loss  function  of  the  Ni(lll)  surfa¬ 
ce  covered  with  Oxigen.  We  explain  quantitatively  the  main  features  of  the 
observed  electron  energy  loss  spectra. 

1.  Introduction . -  In  this  work  we  are  Interested  in  the  surface  optical  phononB  of 
the  Ni(lll)  surface  for  which  very  accurate  high  resolution  electron  energy  loss  (EE 
LS)  experiments  are  available ^ ^ .  The  detection  of  these  surface  vibrations  with 
EELS  occurs  through  the  dipole  coupling.  The  dipole  is  provided  by  fraction  of  mono- 
layers  of  Oxigen  adsorbed  on  the  metallic  surface.  As  a  consequence  there  are  pro¬ 
blems  of  interpretation  of  the  experimental  spectra  because  one  has  to  discriminate 
between  the  modes  of  the  substrate  and  the  modes  induced  by  the  adsorbate.  In  order 
to  solve  this  problem  we  show  here  that  a  realistic  surface  phonon  calculation  is 
needed.  Our  results  Indicate  that  the  observed  peaks  relate  to  the  phonons  of  the 
substrate  for  the  Rayleigh  wave,  but  otherwise  are  due  to  the  adsorbed  layer. 

2.  Calculation  of  the  EELS  spectrum.-  In  the  dipole  coupling  approximation,  the  EELS 
scattering  cross  section  has  the  form: 


Here  w  is  the  normal  component  of  the  polarization  vector  of  the  excited  phonon  with 

Z  4 

parallel  momentum  Q,  and  frequency  u).  1^  labels  the  atomic  planes  and  m^  is  the  mass 
of  the  atoms  in  the  1^  plane .  It  is  clear  from  this  equation  that  the  moSes  which  are 
detectable  are  those  having  a  non  zero  normal  component  of  the  sum  of  the  polariza¬ 
tion  vectors  in  the  surface  unit  cell.  In  order  to  evaluate  the  surface  phonon  field 

of  Hi  we  use  the  slab  method,  in  the  framework  of  a  central  and  angular  force  con- 

(2) 

stants  parametrization  .  We  present  here  the  calculations  for  the  measured  EELS 
spectra  relative  to  the  Ni(lll):0  p(2x2)  and  to  the  Ni(lll>:0  (/3x/3)R30*  geometries, 
depicted  in  Fig.l.  In  both  configurations  the  Oxigen  is  bound  to  three  Mi  in  a 
position. 

We  firstly  consider  the  p(2x2)  geometry.  In  this  case  the  M  paint  of  the  2-dlasn 
sional  Brillouin  zone  of  the  ideal  (111)  surface  is  folded  in  T,  so  that  EELS  detects 
the  M  phonons.  The  experimental  results*1*  are  reported  in  Pig. 2a.  Three  peaks  are 


k_T  w  (Qk,1  =0,W>  w  (Q„,l „-!,(*» 
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Fig,  1  :  a)  Ni(lll)  :0  p(2x2)  geometry . ^  Oxigen  atoms,  (^)  ,  (J)  ,  (c)  Ni  atoms 
in  the  first  three  layers,  b)  the  same  for  the  (/3x/3) R3o°  geometry. 

present.  The  one  at  72  meV,  which  is  far  outside  the  phonon  spectrum  of  Ni,  is  clear¬ 
ly  due  to  the  motion  of  the  Oxigen  relative  to  the  three  coordinate  Ni  atoms.  It  cor¬ 
responds  to  the  Aj  normal  mode  of  a  pyramidal  x^y  molecule  ^ .  As  it  can  be  seen  from 
Fig. 3,  this  mode  gives  a  dipole  moment  along  the  C^v  axis,  i.e.  the  surface  normal. 

The  lowest  peak  can  be  interpreted  in  terms  of  the  surface  phonons  of  the  clean  Ni 
(2) 

(111)  surface  .  In  fact,  near  this  frequency  there  is  the  Rayleigh  wave  of  the  M 
point  which  is  mainly  polarized  normal  to  the  surface.  The  other  peak  at  32.8  meV, 
inside  the  phonon  spectrum  of  Ni,  cannot  be  explained  in  terms  of  the  phonons  of  the 
clean  surface.  The  modes  of  the  X  point  around  this  frequency  are  longitudinal  and  do 
not  couple  with  the  impinging  electrons.  To  clarify  the  nature  of  this  peak  we  have 
performed  a  full  calculation  of  the  phonons  of  the  covered  surface.  He  have  conside¬ 
red  the  interaction  of  Oxigen  with  the  three  nearest  neighbouring  Ni  atoms  by  intro¬ 
ducing  one  central  and  one  angular  force  constant.  By  any  arbitrary  choice  of  these 
force  constants  the  calculated  EELS  cross  section  shows  three  structures.  The  one  at 
lowest  frequency  remains  related  to  the  Rayleigh  mode  of  the  substrate.  The  other  two 
peaks  are  connected  with  the  Aj  (higher  frequency  peak)  and  A^  (central  peak)  modes 
of  the  x^y  molecule.  For  this  molecule,  the  frequency  of  the  Aj  mode  is  mainly  due  to 
the  value  of  the  Ni-O  central  force  constant,  while  the  frequency  of  A^  depends  on 
the  Mi-O-Ni  angular  force  constant.  To  determine  the  force  constants  of  the  x^y  mole¬ 
cule  vs  note  that,  even  if  the  free  Ni^O  molecule  does  not  exist,  the  surface  poten¬ 
tial  is  able  to  stabilize  such  a  molecule.  By  using  the  EELS  data  relative  to  a  very 
low  disordered  coverage  of  Oxigen  we  fit  the  peak  at  72  meV  with  the  central  force 
constant  and  the  peak  at  30  aev  with  the  angular  force  constant.  The  results  obtained 
with  these  parameters  are  reported  in  Fig. 2b.  The  lowest  peak  is  still  related  to  the 
Rayleigh  wave  of  the  clean  surface.  The  presence  of  the  Oxigen  atom  does  not  modify 
the  frequency  and  polarisation  of  this  node.  The  highest  peak  remains  at  the  energy 
position  of  the  Aj  mode  of  the  molecule.  The  other  peak  at  32.8  meV,  in  perfect  agre¬ 
ement  with  the  experiment,  results  slightly  shifted  with  respect  to  the  energy  of  the 
Aj  mode  of  the  free  molecule,  while  the  polarisation  remains  the  same.  The  frequency 
shift  can  be  understood  in  terms  of  the  indirect  0-0  interaction  caused  by  the  sub- 
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IMK11 1):0  p<2*2>  Nl(1 1 1)  O(f3xf3)R30° 


Fig.  2  :  a)  and  b)  experimental  and  calculated  EELS  Intensities  for  the  p(2x2) 
geometry,  c)  and  d)  the  same  for  the  (/3x/3)R30°  geometry. 

strate. 

The  same  analysis  has  been  carried  out  for  the  (/3x/3)R30®  geometry.  The  experi¬ 
mental  and  calculated  intensities  are 
compared  in  Fig. 2c  and  Fig. 2d  respecti¬ 
vely.  The  two  observed  modes  are  rela¬ 
ted  to  the  Aj  and  modes  of  the  mole¬ 
cule.  The  29.8  mev  peak  is  slightly 
shifted  with  respect  to  the  correspon¬ 
ding  mode  of  the  p (2x2)  geometry  because 
of  the  different  0-0  interaction. 

In  conclusion,  we  have  shown  that 
a  detailed  calculation  allows  to  explain 
the  loss  spectra  of  coated  systems  and 
to  identify  the  origin  of  the  eperimen- 
tal  stuctures  in  terms  of  the  modes  of 


Fig,  3  :  Normal  inodes  of  the  x^y  pyra¬ 
midal  molecule  that  contribute  to  the 
EELS  cross  section. 


the  substrate  and  those  of  the  adsorbate  species. 
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MICROSCOPIC  THEORY  OF  LATTICE  DYNAMICS  AND  RECONSTRUCTION  OF 
SEMICONDUCTOR  SURFACES 


A.  Muramatsu  and  H.  Hanke 
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Abstract.-  On  the  basis  of  a  microscopic  theory  of  surface  densi¬ 
ty  response  including  local-field  and  excitonic  effects  we  calcu¬ 
late  the  phonon  spectrum  of  an  ideal  Si (1 1 1 )  slab.  A  drastic  en¬ 
hancement  of  the  non-local  response  is  obtained  for  wavevectors 
corresponding  to  2x1  and  7x7  superstructures,  signalling  an  exci¬ 
tonic  insulator  instability  of  the  metallic  dangling  bond  surface 
state.  The  coupling  of  the  resulting  charge-density  wave  to  the 
lattice  produces  a  soft  surface  mode  with  atomic  displacements 
supporting  the  ionic  buckling  model. 


In  this  contribution  we  present  a)  a  calculation  of  the  phonon 
spectrum  for  an  8-layer  ideal  Si  (111)  slab  starting  from  an  accurate 
description  of  the  surface  electronic  states  and  b)  a  detailed  study 
of  the  implications  for  a  microscopic  understanding  of  the  surface  2x1 
and  7x7  reconstructions. 

It  has  already  been  established  that  in  a  Wannier  or  LCAO  basis 

for  the  wave  functions,  the  non-interacting  surface  polarizability  is 

of  the  separable  form  x  *  AIM*1.  The  separability  enables  one  to  solve 

the  integral  equation  for  the  density  response  x=X+XvX»  which  deter- 

2 

mines  the  electronic  contribution  to  the  dynamical  matrix  given  by 


-  S  as'  F«  {N-1  (q)+VXC(q)}S8!  F®'  +  (^,5)  (1) 

Here  a  and  8  denote  Cartesian  coordinates  and  <  an  ion  in  the  3-D  ba¬ 
sis  of  the  slab.  F®(tc,q)  corresponds  to  the  force  experienced  by  the 
ion  k  due  to  interaction  through  the  ionic  potential  with  the  density 
wave  As  in  direction  a.  N-1  is  the  inverse  non  interacting  polarizabi¬ 
lity  and  V*c  is  the  Coulomb  interaction  matrix  which  includes  both 
RPA  local-field  effects  as  well  as  electron-hole  interaction3.  In 
Fig.  1  we  present  the  phonon  spectrum  in  the  (0,1)  direction  obtai¬ 
ned  for  an  Ideal  8-layer  slab  of  Si  (111).  In  the  region  where  q£1/l, 
being  1  the  thickness,  we  obtain  phonon  instabilities  related  to  vio¬ 
lation  of  infinitesimal  rotational  (unrelaxed  surface)4  and  tranlatio- 
nal  (a  surface5  acoustic  sum  rule6  was  not  implemented)  invariance.  On 
the  other  hand,  the  interplay  between  local-field  and  excitonic  effects 
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Fig.  1  Phonon  spectrum  far  q=(0,1) 
far  an  Ideal  8- layer  slab  of  Si 
(111).  Dashed  lines:  surface  modes. 


produces  an  instability  of  surface  modes 
at  the  zone  boundary.  An  analysis  of  the 
eigenvectors  of  these  modes,  which  are 
elllptically  polarized  in  the  sagittal  plar 
ne  and  strongly  localized  in  the  outmost 
layer,  shows  that  the  displacements  of 
the  surface  atoms  give  rise  to  a  "buck- 

7 

led"  surface,  supporting  thus  Haneman's 
model  for  the  2x1  surface  reconstruction. 

In  order  to  obtain  a  better  understan¬ 
ding  of  the  mechanism  which  produces  a 
softening  of  the  surface  modes  at  <1BZ» 
we  concentrate  on  the  top  layer  of  the 
slab  and  take  into  account  only  the  dang¬ 
ling-bond  (DB)  orbitals.  In  Fig.  2  (a) 
we  show  the  contribution  to  the  suscep¬ 
tibility  from  the  non-interacting  elec¬ 
tron-hole  system.  The  band  structure  gi¬ 
ves  rise  to  maxima  near  to  wavevectors 
that  correspond  to  the  7x7  reconstruc¬ 
tion  due  to  "nesting"  of  the  Fermi  sur- 

Q 

face.  But  no  structure  corresponding  to  the  2x1  superstructure  is  ob¬ 
servable.  The  RPA  local-field  effects  give  a  large  correction  (Fig. 2(b)) 
due  to  the  extremely  localized  nature  of  the  DB-orbitals.  The  features 
present  before  disappear  and  no  electronic  instability  is  observable. 
Beyond  RPA,  the  system  shows  a  strong  tendency  to  an  excitonic  insulator 
instability  when  electron-hole  attraction  is  considered.  In  this  appro¬ 
ximation  the  excitation  ener¬ 
gy  of  the  system  is  lowered 
giving  an  enhancement  of  den¬ 
sity  response  (Fig.  2(c))  and 
a  tendency  of  the  DB's  to 
form  a  COW.  We  can  distin¬ 
guish  tvo  features  conected 
with  commonly  observed  super¬ 
structures.  First,  we  obtain 
a  saddle-point  at  L.  This  en¬ 
hancement  of  the  susceptibi¬ 
lity  is  responsible  for  the 
surface  phonon  instabilities 
at  the  L  point  (Fig.  1 ) .  But 
being  a  saddle-point,  the 


Fig.  2.  2-0  susceptibility  for  a)  non-interacting 
el-hole  systma;  b)  plus  local  field  effects  and 
c)  plum  el. -hole  attraction.  The  inset  shows  the 
irreducible  part  of  the  Brillouin  sons. 
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corresponding  2x1  superstructure  should  be  still  unstable  against  other 
configurations.  In  fact  we  observe  that  the  next  loca.'  maximum  appears 
for  a  wavevector  nearly  corresponding  to  the  7x7  reconstruction.  An 
other  maximum  appears  at  J,  corresponding  to  a  (/3x/5)30°  superstruc¬ 
ture,  which  is  occasionally  observed9. 

The  coupling  of  the  CDW  with  the  lattice,  given  by  the  form  factor 
F®(x,q)  determines  the  type  of  reconstruction.  We  observed  that  the 
coupling  factor  of  the  DB-CDW  to  displacements  parallel  to  the  surface 
is  zero  at  the  zone  boundary.  The  only  contribution  for  displacements 
parallel  to  the  surface  comes  from  interactions  of  the  DB 1 s  with  the 
"back  bonds"  which  are  much  smaller  than  the  first  ones.  This  fact  in¬ 
dicates  that  the  CDW  can  almost  only  couple  with  displacements  perpen¬ 
dicular  to  the  surface  as  corroborated  in  the  full  calculation,  discar¬ 
ding  thus  the  "covalent  bonding"  model. 
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ATOMIC  VIBRATIONS  AT  (loo)  SURFACES  OF  FCC  AND  BCC  METALS 

J.E.  Black*,  D.A.  Campbell  and  R.F.  Wallis 

University  of  California,  Irvine,  California  92717,  U.S.A. 


Aba t rac t ■  -  We  have  studied  the  dynamics  of  atom  motion  at  metal 
(100)  surfaces.  The  interactions  between  atoms  are  modelled  with 
central  forces  and  angle  bending  forces.  Results  for  frequencies 
and  polarizations  of  surface  modes  have  been  obtained  for  the 
following  metals:  body  centered  Cr,  Fe,  K,  Mo,  Na,  V,  W;  face 
centered  Ag,  Al,  Au,  Cu,  It,  Mi,  Pd,  Pt,  Rh.  Specific  results  are 
presented  for  Cr  and  Ni. 


1.  Introduction.  -  In  the  last  few  years  we  have  seen  the  development 
of  experimental  techniques  which  are  sensitive  to  surface  phonons. 

The  electron  energy  loss  spectroscopy  experiments  of  Ibach  and 
Bruchmann  [1]  and  of  Anderaaon  [2]  have  revealed  surface  phonons  on 
nickel.  Helium  scattering  experiments  by  Brusdeylins,  Doak,  and 
Toennies  (3]  have  yielded  data  on  surface  vibrations  on  LiF.  This 
latter  technique  may  soon  be  applied  to  a  study  of  metal  surfaces 
[4],  It  is  clear  that  there  will  be  a  need  for  a  tabulation  of 
important  surface  phonon  frequencies  for  a  variety  of  metals.  Such  a 
tabulation  can  serve  as  a  guide  to  the  interpretation  of  spectral 
features.  In  addition,  it  may  serve  as  a  starting  point  from  which  to 
recognise  that  surface  relaxation  or  reconstruction  has  occurred.  It 
is  the  tabulation  of  important  surface  phonon  frequencies  which  is  the 
objective  of  this  work. 

2.  Lattice  Dynamical  Models.  -  We  have  used  several  models  in 
calculating  the  atomic  force  constants.  In  the  present  paper,  we 
present  results  for  only  a  single  dedal  consisting  of  first  and  second 
neighbor  central  interactions  together  with  angle  bending 
interactions.  The  five  force  constants  Oj,  «2 ,  0j  ,  0^ ,  and  y  were 
determined  by  first  calculating  y  from  the  elastic  constants,  and  then 
using  the  equilibrium  condition,  along  with  experimentally  determinad 
frequencies  at  high  symmetry  points  in  the  bulk  dispersion  curves. 

The  frequencies  that  gave  the  best  overall  fit  are  (-j.-y.O), 

v(a,0,0)  and  We  measured  the  goodness  Of  fli  by  comparing 
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the  experimental  bulk  dispersion  curves  with  our  theoretically 
generated  dispersion  curves.  For  the  case  of  FCC  metals,  we  also  used 
a  two  neighbor  model  with  angle  bending.  The  development  is  analogous 
to  that  for  the  BCC  metals. 

With  the  models  in  hand,  the  surface  phonon  frequencies  can  now 
be  calculated.  He  employ  the  slab  method  in  which  the  crystal 
consists  of  20  atomic  layers  parallel  to  the  (001)  surface  [5].  Each 
atomic  layer  is  assumed  to  be  infinite  in  extent. 

3.  Results  for  BCC  Metals.  -  The  dispersion  curves  of  Fig.  1  are 


Fig.  1.  Dispersion  data  along 
the  MX  direction  in  the  sur¬ 
face  Brillouin  zone  of  Cr. 
Dashed  lines  indicate  surface 
modes,  and  the  cross-hatched 
areas  are  those  in  which  bulk 
phonons  are  found, 
qualitatively  fairly  typical.  They  are  for  Cr  in  the  region  between 
X  and  M  on  the  zone  boundary.  The  modes  have  been  named  according  to 
their  shear  or  longitudinal  character  at  X.  The  modes  that  begin  as 
shear  horizontal  (SH)  and  shear  vertical  (SV)  at  X  approach  one 
another  as  we  move  to  the  right  of  X.  At  their  point  of  closest 
approach  each  mode  has  both  vertical  and  horizontal  shear.  Thereafter 
the  mode  which  is  lower  in  frequency  becomes  completely  SV  while  the 
mode  which  began  aa  SV  becomes  8H.  It  is  aa  if  the  two  modea  had 
"croaaei"  one  another.  It  aeema  uaeful  in  the  remainder  of  thia 
diacuaaion  to  apeak  of  auch  encounte.ra  aa  mode  "croaeinga"  even  though 
there  ia  no  actual  intersection  of  the  modes.  "Crossing"  will  mean 
that  the  nodes  have  altered  their  polarization  when  they  encounter  one 
another  in  the  dispersion  plots.  In  this  language  we  see  the  mode 
which  begins  aa  at  X  (a  lower  longitudinal  vibration)  crosses 
8H.  The  Lj'  mode  gradually  loses  its  amplitude  in  the  surface  layer, 
until  at  i  it  is  vibrating  entirely  parallel  to  the  surface  in  the 
eecond  layer— ‘denoted  as  ll]'  The  mode  Lq  (upper  longitudinal)  exists 
over  auch  of  the  zone  boundary,  but  loses  its  surface  character  before 
reaching  N.  The  mode  llj  at  X  loses  its  surface  character  at 
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♦  •j  “  0.24  radians.  As  we  move  toward  M,  the  SH  node  vibrates 
perpendicular  to  the  TX  direction,  not  perpendicular  to  the  wave 
vector.  Similarly,  modes  labelled  longitudinal  vibrate  along  the 
TX  direction,  not  parallel  to  the  wave  vector,  at  points  away  from  X. 
Thus  the  mode  marked  SV-SH  at  high  frequencies  in  the  center  of  the 
zone  edge  has  components  parallel  and  perpendicular  to  TX  in  the  plane 
of  the  surface.  All  BCC  metal  results  are  quali t at ive ly  similar  to 
those  for  Cr. 

4.  Results  for  FCC  Metals.  -  The  results  are  qualitatively  very  simi¬ 
lar  to  those  obtained  for  the  BCC  metals.  The  most  striking  difference 
between  FCC  and  BCC  metals  is  the  absence  of  the  mode  LL  at  X. 

A  typical  set  of  dispersion  curves  is  shown  in  Fig.  2  for  Ni. 


Fig.  2.  Dispersion  data  along 
the  MX  direction  in  the  sur¬ 
face  Brillouin  zone  of  Hi. 
Dashed  lines  indicate  surface 
modes,  and  the  cross-hatched 
areas  are  those  in  which  the 
bulk  phonons  are  found. 

Note  that  the  mode  SVj  at  M  now  exists  only  at  M  and  is  no  longer  a 

continuation  of  as  it  was  in  the  body  centered  case.  Also  the  mode 

of  SV-SH  character  is  found  near  the  zone  edge  center  in  all  cases. 
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EFFECTIVE  MASS  APPROXIMATION  FOR  SURFACE  PHONON  STATES 

A.  Fasolino*,  G.  Santoro**  and  E.  Tosatti+* 

*GRSM-CNR  and  SISSA,  Isti.tu.to  di  Fieioa  Teorica,  Univereitd  di  Trieste,  34014 
Miramar e -Grignano ,  Trieste,  Italy 

** Istituto  di  Fisioa  and  GNSM-CNR,  Univereitd.  di  Modena,  41100  Modena,  Italy 

International  Centre  for  Theoretical  Physics,  34014  Miramar e-Grignano,  Trieste, 
Italy 

Aba tract.-  Ne  a how  how  effective  mass  concepts  borrowed  from  the  theory  of  im¬ 
purity  states  in  semiconductors  can  usefully  be  applied  to  the  calculation  of 
surface  phonon  states. 


1.  Introduction . -  Given  an  infinite  crystalline  solid,  two  independent  surfaces  can 

be  created  by  adding  a  localized  perturbation  V,  which  consists  of  cutting  all  bonds 
that  cross  a  plane.  Historically  the  effect  of  localized  perturbations  on  an  infinite 
Bloch  problem  have  been  dealt  with  first  in  connection  with  impurity  states  in  semi- 
conductors  '  .  When  dealing  in  particular  with  the  bound  states  that  the  Impurity 

potential  is  able  to  split  from  the  Bloch  bands,  the  popular  effective  mass  approxi¬ 
mation  has  been  most  useful  in  providing  a  qualitative  understanding  of  the  pro- 

(1  2) 

blem  '  .  A  surface  state  -  electronic,  vibrational,  whatever  its  microscopic  natu¬ 

re  -  is,  in  principle,  a  bound  state  of  the  same  kind;  only  the  perturbation  has  in¬ 
finite  extension  along  (x,y)  and  is  localized  just  along  z. 

This  work  represent  an  attempt  to  apply  the  concepts  typical  of  the  effective 
mass  formulation  to  the  study  of  a  surface  state  problem.  In  order  to  make  our  study 
more  definite  and  provide  ourselves  with  accurate  numerical  reference  calculations  to 
use  as  a  check,  we  shall  concentrate  in  the  following  on  a  surface  phonon  problem,  in 
particular  the  phonons  of  a  bcc  (100)  surface. 

2 .  Method.-  We  start  by  formally  writing  the  surface  phonon  eigenvector  as  a  linear 
combination  of  bulk  phonon  states  u  with  the  same  in-plane  momentum  q  and  variable 
normal  component  k: 


^x(5>  u) 

Here  R  is  an  atomic  site  and  X  denotes  the  branch.  The  "envelope''  function  4  then 

satisfies; 


l  [(a>J-w*kx)5kk'5XX1+  Vkk'J  *k’"° 


k',X' 


(2) 


’•here  , “<uj^  1 V | ir^ ■  ^ >  is  taken  between  bulk  states.  For  a  general  q -direction 
end  for  a  Bravais  lattice,  Bq. (2)  constitutes  a  set  of  three  coupled  equations.  For 
particular  q  values,  however,  syvMtry  may  allows  a  decoupling.  Such  is  the  case  for 
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example  of  q=  ( J , i ) 2w/a=M  on  the  bcc  (100)  surface,  that  is  our  test  case.  At  that 
point  we  have  a  non-degenerate  v//  z  mode  (M} )  and  a  twofold  degenerate  v|z  mode  (M^ ) . 
The  symmetry  labels  are  those  of  C^v,  that  is  the  two-dimensional  part  of  the  crystal 
symnetry  group  as  reduced  by  the  surface  perturbation  V.  We  now  develop  this  particu¬ 
lar  case  as  an  instructive  exemplifies^ 
tion.  For  comparison,  we  also  perform 
accurate  numerical  surface  state  cal¬ 
culations  with  the  usual  slab  techni¬ 
que  using  the  parameters  of  W(100) 

We  use  variable  intra-surface  force 
(4) 

constants  a  and  3  to  control  the 
s  s 

actual  surface  state  energy  and  eigen¬ 
vector  . 

The  bulk  bands  U)  ^  for  qEM  are 
shown  in  Fig.l.  Here  k  spans  twice  the 
Brillouin  zone  (from  -2ir/a  to  2ir/a)  as 
required  by  having  two  alternating 
types  of  layers  in  the  problem,  we  no¬ 
te  that  this  give  rise  to  two  equiva¬ 
lent  minima  at  k(*0  and  k#=2ir/a  for  both  the  symmetry  and  the  M,.  symmetry  and  in 
fact  for  all  other  zone-border  q-points  as  well.  However,  the  two  minima  Me  orthogo¬ 
nal  by  symmetry  (belonging  to  the  two  different  rows  (x-y)  and  (x+y)  of  the  twofold 
degenerate  Irreducible  representation  M^)  and  do  not  mix  in  the  case,  while  they 
are  mixed  by  V  in  the  :lj  case.  The  V -matrix  is  given  by  all  those  slab  matrix  elements 
that  are  removed  by  creating  the  surface,  taken  with  negative  sign.  We  obtain  analytic 

cal  expressions  for  V '  .  ,  at  the  M  point  as  a  function  of  a  and  0  .  However  they  are 

/  c  \  S  8 

too  long  to  be  reported  here1  ' ;  we  shall  just  proceed  to  discus  the  results. 

3.  Bound  state  problem-,  solutions.-  a)  variational  :  we  try  exponentially  decaying 
solutions : 


-Smm  0  2k* 

fctem4) 

Fig.  1  :  Julk  phonon  branches 
of  W  for  q=M 


and: 


<P~  (z)«exp{-  |z  |  [A_1+i  (w/a)  (1±I)]  }  (3) 

"5 


(z)-exp{-|z|X~l}(ltexp[2iii|z|/a])  (4) 

1 

where  the  "+"  and  signs  in  lq. (3)  correspond  to  x+y  and  x-y  respectively,  the  two 
terms  in  the  case  are  necessary  in  order  to  include  intervalley  mixing  (that  remo¬ 
ves  the  degeneracy  between  the  "+"  and  case)  and  the  variational  parameter  is  the 
penetration  depth  X. 

b)  Effective  mass  approximation  :  For  shallow  bound  states,  one  may  approximate 

^/m*.  The  Schroedinger-like  problem  (2)  can  be  solved  varia- 
tionally,  with  trial  functions  such  as  (3)  and  (4) . 
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c)  Roster-Slater  approximation  s  If  we  further  replace  V. .  .  with  V.  .  ,  where  k.is 

KK  KqKq  0 

the  relevant  extremis,  the  solution  becomes  similar  to  the  well  known  Koster -Slater 
problem  (except  for  a  cutoff  at  ±2n/a) ,  that  is  straightforward  to  evaluate  analyti¬ 
cally. 

Pig. 2  presents  a  comparison  of  the  approximate  solutions  a) ,  b)  and  c)  with  the 
exact  numerical  slab  surface  phonon  "binding  energy".  This  quantity,  introduced  in 


:  Surface  phonon  "binding  energies"  calculated  at  the  M  point 
of  W(100)  for  0-3.7  a  +4.222 


analogy  tothe  Impurity  binding  energy  in  the  usual  effective  mass  theory 

..2  .  ,2 


(1,2) 


,  is  defi¬ 
ned  as  X^/^Sk  X’  The  vari*tion«l  result  is  in  perfect  aggreement  with 

the  exact  calculation  over  the  whole  range  of  parameters  that  have  been  tested.  This 
means  that  the  straight  exponentials  (3)  and  (4)  in  fact  represent  extremely  well  the 
behaviour  of  the  surface  phonon.  We  have  checked  that  this  is  indeed  the  case. 

Its  approximations  b)  and  c)  are  clearly  acceptable  only  for  shallow  surface 
states.  However,  the  effective  mass  approximation  b)  remains  fairly  accurate  in  the 
whole  range,  while  the  Roster-Slater  result  c)  fail  appreciably  already  for  Kg/band 

width=0.1.  We  note  that  while  for  M,  the  two  states  are  degenerate,  only 

3  -  5  1 

leads  to  a  bound  state  in  the  Mj  case,  where  yields  E^-0. 
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ADSORBATE  INDUCED  VIBRATIONS  MEASURED  BY  EELS  ON  A  CuZn  a  75/25  (110) 
SURFACE  DURING  ITS  EARLY  STAGE  OF  OXIDATION 

P.A.  Thiry,  S.  Maroie*,  J.J.  Pireaux*,  R.  Caudano  and  A.  Adnot** 

Institute  for  Research  in  Interface  Sciences,  Facultds  Universitaires  Notre- 
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Abstract. -  Using  high  resolution  election  energy  loss  spectrosco¬ 
py  (EELS) ,  we  have  measured  three  vibrational  bands  on  a  clean 
CuZn  a  75/25  (110)  surface  after  O2  exposure.  The  band  at  420cra_ 
is  related  to  the  metal -O  stretching  vibration.  The  band  around 
3630  cm-1  is  interpreted  as  the  O-H  stretching  vibration  arising 
from  water  contamination.  At  higher  coverages,  a  third  band  emer¬ 
ges  (550  cm-1).  It  is  attributed  to  an  optical  surface  phonon 
and  associated  with  a  preliminary  stage  of  bulk  oxide  formation. 

1.  Introduction.-  Brass  alloys  of  Cu/Zn  are  largely  used  for  industrial 
applications.  There  is  great  interest  in  understanding  the  reaction  of 
such  materials  with  oxygen.  In  order  to  start  from  a  fundamental  point 
of  view,  the  experiments  reported  here  were  performed  on  a  single  crys¬ 
tal  of  CuZn, a  brass  75/25.  Although  it  crystallizes  in  the  f.c.c.  lat¬ 
tice,  it  is  a  solid  substitutional  solution  of  Zn  in  Cu. 

2.  Experimental.-  EELS  experiments  were  carried  out  with  an  hemispheri¬ 
cal  RIBER-SEDRA  spectrometer,  capable  of  an  energy  resolution  of  35cm-1 
(4  meV)  /5/.  The  analyser  is  rotatable  in  the  plane  of  incidence.  All 
spectra  were  taken  with  4  eV  impact  energy,  a  monochromator  current  of 
3  x  10-,#  A,  and  an  energy  resolution  of  60  cm-1.  The  spectrometer  is 
mounted  in  an  UHV  chamber  <10-11  Torr  range),  where  other  techniques 
are  available,  such  as  LEED,  AES  using  retarding  field  analyzer,  Kelvin 
probe  for  work  function  measurements  and  quad ru pole  mass  analyzer. 

Water  contamination  in  oxygen  (nominal  purity  :  99,998  %)  was  measured 
to  be  lower  than  0.5  %.  Pressure  indications  are  uncorrected  gauge 
readings.  The  polished  crystal  was  cleaned  by  cycles  of  Ar+  bombardment 
and  annealing  up  to  430  K.  The  consecutive  Auger  spectra  showed  no  ob¬ 
servable  contamination.  Sharp  LEED  patterns  were  observed  in  agreement 
with  the  (110)  face.  During  02  admission,  LEED  did  not  reveal  any  super¬ 
structure.  A  maximum  of  the  work  function  was  found  at  20  L  (1  Lang¬ 
muir  “  10“*  Torr.e). 

3.  EELS  results  and  interpretation.-  EELS  results  are  summarized  on 
fig.  1.  One  peak  (420  cm-1)  was  observed  to  grow  regularly  without 

•  Resp.  Research  Assistant  •  Research  Associate  of  the  Belgian  NFSR. 
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posure  to  02  at  room  temperature. 


Fig.  2  :  Energy  loss  spectrum  of 
the  surface  exposed  to  10  L  O2  and 
annealed  to' 430  K. 


any  frequency  shift.  It  is  attributed  to  the  stretching  vibration  of 
atomic  oxygen  adsorbed  on  the  surface.  Dissociative  adsorption  is 
inferred  from  the  absence  of  molecular  O2  vibration.  This  frequency 
(420  cmT1 )  lies  in  the  range  of  atomic  oxygen  vibrations  measured  on 
other  metallic  substrates  /1,2/.  Off  specular  experiments  (10°,  20° 
and  30°)  indicate  clearly  that  it  is  excited  by  dipole  scattering,  be¬ 
cause  its  intensity  peaks  strongly  in  the  specular  direction. 

The  observation  of  only  one  vibration  imposes  that  only  one  site  is 
activated.  Four  sites  are  available  :  on- top,  short  bridge,  long  brid¬ 
ge  and  the  deep  center  site  where  the  oxygen  may  have  5  nearest  neigh¬ 
bours.  Following  a  general  rule,  the  atom  is  most  likely  to  choose  the 
site  offering  the  highest  coordination.  This  would  favour  the  center 
site,  although  for  O-Cu(llO)  a  long  bridge  site  /!/  and  for  O-Ni(llO) 
a  short  bridge  one  have  been  reported. 

From  the  very  beginning  of  O2  exposure,  a  peak  at  3630  car1  was  obser¬ 
ved.  It  is  assigned  to  the  stretching  vibration  of  OH  species  adsorbed 
on  the  surface.  Separate  measurements  were  made  with  exposure  to  H2O  : 
on  the  clean  surface,  they  did  not  reveal  any  loss  feature;  if  the  sur¬ 
face  was  previously  dosed  with  02>  a  small  increase  was  observed  for 
the  OH  peak.  It  is  believed  that  some  amount  of  H2O  contaminant  in  the 
admitted  gas  can  interact  with  the  surface  only  during  the  adsorption 
of  O2  itself.  A  similar  mechanism  of  assisted  selective  adsorption  has 
been  reported  for  stainless  steel  /3/.  The  OH  is  adsorbed  on  the  same 
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site  as  the  atomic  oxygen,  since  only  one  adsorbate-metal  vibration 
is  observed  at  low  exposure.  The  relatively  low  frequency  with  respect 
to  the  free  OH  is  an  indication  of  the  existence  of  H-bonding  with 
oxygen  adsorbed  on  adjacent  sites. 

When  the  O2  exposure  varied  from  10  L  to  100  L,  the  EELS  spectra  chan¬ 
ged  substantially.  The  relative  intensity  of  the  OH  vibration  saturat¬ 
ed  and  its  frequency  shifted  from  3630  cm-1  to  3680  cm-1.  A  third  peak 
emerged  at  550  cm-1 ,  very  close  to  the  frequency  of  the  surface  optical 
phonon  of  ZnO  /4/.  It  is  interpreted  as  the  vibration  of  oxygen  incor¬ 
porated  in  the  surface  during  a  preliminary  stage  of  oxide  formation. 
The  decrease  of  the  3630  cm-1  peak  intensity  indicates  that  the  mecha¬ 
nism  of  H2O  assisted  selective  adsorption  must  then  be  inhibited  :  this 
is  explained  as  an  incorporation  of  the  oxygen  atoms  (A®  decrease) ,  re¬ 
laxing  the  H-bonding,  as  the  OH  frequency  shifts  by  50  cm-1. 

Annealing  of  the  sample  after  O2  adsorption  lead  to  the  following  ob¬ 
servations  (Fig.  2)  :  the  oxide-like  peak  at  550  cm-1  was  enhanced  and 
its  intensity  became  higher  than  the  420  cm-1  one,  that  shifted  to  low 
energy;  the  OH  vibration  vanished.  This  is  consistent  with  our  inter¬ 
pretation  s  the  occupation  of  the  550  cm-1  site  inhibits  the  OH-  and 
the  420  cm-1  vibrations  at  the  same  time. 

Acknowledgements . -  The  authors  are  indebted  to  F.  Eckstein  (Max  Planck 
Institute,  Stuttgart  FRG)  for  providing  the  crystal.  This  work  is  sup¬ 
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Italy 

Abstract.-  We  present  a  model  lattice  dynamical  study  of  the  Mo (100)  incommen¬ 
surate  reconstruction.  We  find  that  both  the  predicted  periodicity  and  polari¬ 
zation  of  the  incommensurate  distortion  agree  with  experiment.  Interesting 
changes  of  the  periodicity  are  predicted  in  presence  of  an  electric  field  of 
magnitudes  such  as  those  used  in  Field-Ion-Microscopy. 


1.  Introduction . -  The  Mo (100)  displacive  reconstruction  is  peculiar,  because  it  is 
incommensurate,  with  a  temperature  independent  periodicity,  roughly  given  by  k-(0.44, 
0.44)  2'ir/a*1*  .  It  was  earlier  supposed  that  the  incommensurability  could  be  due  to 

intra-surface  long-range  forces,  connected  with  a  partly  filled  surface  state  band 

(2) 

and  related  2 -dimensional  Fermi  surface  .  In  a  subsequent  model  study  of  the  lat¬ 
tice-dynamical  aspects  of  the  commensurate  (/2x/2)R45°  reconstruction  of  W(100),  it 
was  found,  however,  that  incommensurate  surface  phonon  instabilities  may  also  occur 
with  strictly  short-range  surface  forces.  In  this  work  we  pursue  the  idea  that  incom¬ 
mensurability  of  Mo (100)  could  be  due  to  this  latter  elastic  reason.  We  still  envisa¬ 
ge  the  chemically  unbounded  surface  electrons  and  2-dimensional  Fermi  surface,  to  be 
the  driving  force  of  this  phenomenon*3*.  However,  the  actual  surface  distortion  and 
its  periodicity  will  be  finally  determined  by  a  compromise  between  the  driving  force 
and  the  deformation  energies  involved,  in  the  present  approach  one  assunes  a  simple 
model  for  the  driving  forces  (simulated  by  a  first  neighbor  intra-surface  repulsion) 
and  one  determines  the  distorted  state  by  a  careful  study  of  the  lattice  energies, 
via  a  surface  phonon  calculation.  We  follow  here  the  conventional  soft-mode  approach 
to  structural  phase  transitions,  whose  basic  ingredients  are:  a)  the  harmonic  vibra¬ 
tion  spectrum  of  the  ideal  surface  and  its  instabilities,  b)  the  enharmonic  forces 
that  intervene  to  stabilize  the  surface  once  the  distortion  is  introduced  by  freezing- 
in  the  soft  mode. 

2.  Mo (100)  surface  instabilities.-  Oir  model  is  the  same  introduced  earlier  for  the 
W(100)  surface***.  We  have  an  n- layer  slab  (n>15)  with  bulk-like  intratcmic 
except  for  the  outher  surface  layer.  The  force  constants  a  -  4^1=) and  6 
between  two  surface  first  neighbors  (distance  a)  are  adjustable  to  represent  the 
extra  surface  forces.  By  looking  for  imaginary  surface  phonon  modes  we  can  construct 
a  "phase  diagram"  as  a  function  of  a#  and  8^.  The  result  is  shown  in  Fig.l.  Beside 
the  stable  region  and  the  regions  Kj .  Kg  and  whsre  the  corresponding  zone-border 
modes  are  unstable,  we  find  two  regions  Ij  and  l2  where  the  instability  occurs  first 


forces , 
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at  an  incomnensurate  wavevector. 


Fig.  1  :  T=0  phase  diagram  as  a  function 
of  the  surface  force  constants  of  Mo (100) . 


However  in  the  region,  the  insta 
bility  occurs  along  the  A-line  (q^« 
($,  J-S)2ir/a) .  «iis  disagrees  with 
experiment,  that  shows  a  E-type 
distortion  (q^.- ( J-6,  J-6)  2u/a)  with 
5-0.06.  In  the  region  Ij,  on  the 
other  hand,  two  instabilities  oc¬ 
curs  almost  simultaneously  along 
the  A-line  and  along  the  E-line. 

We  have  previously  argued ^ ,  howe¬ 
ver,  that  in  this  circumstance  one 
should  expect  a  E-distortion,  be¬ 
cause  the  enharmonic  restoring  for¬ 
ces  are  weaker  for  E  than  for  A.  We 
are  thus  led  to  assume  that  the 


Mo (100)  Incommensurate  distortion 
corresponds  to  the  1^  phase.  We  now 
consider  some  of  the  consequences 


of  this  model. 

3.  Surface  lattice  distortion.-  The  nature  of  the  expected  surface  lattice  distortion 
is  best  understood  by  considering  in  detail  the  mechanisms  through  which  the  incom¬ 
mensurability  occurs.  Fig. 2  shows  how  an  absolute  minimum  in  w  can  occur  slightly 
off  the  M  point,  whenever  an  M,.  (in-plane)  and  an  Mj  (vertical)  soft  modes  happens  to 
came  sufficiently  close  in  energy.  At  the  M  point  itself,  and  M^  are  orthogonal 
by  symmetry.  Away  from  M,  however,  they  interact  producing  a  minimum  in  the  lowest 

Ej  or  Aj  branch,  while  the  E?  and  A.,  branches  remains  higher.  Therefore  the  lncnemnn- 
surate  distortion  is  predicted  to  have  Ej  symmetry.  This  mode  consists  of  an  admixtu¬ 
re  of  in-plane  longitudinal  (110)  motion  and  of  vertical  (001)  motion .  This  is  preci¬ 
sely  the  symmetry  found  by  careful  analysis  of  I2ED  data  by  Barker  and  Estrup^  . 

The  present  mechanism  bear  several  analogies  with  that  invoked  in  incommensurate 
ferroelectrics ,  with  a  noticeable  difference:  the  twofold  degeneracy  is  here  bro¬ 
ken  quadratically  rather  than  linearly,  by  moving  away  from  the  high  symmetry  point. 
The  Implications  of  this  fact  on  the  presence  of  dlsrr— lensuratlons  as  well  as  on 

the  behaviour  of  the  distortion  periodicity  with  temperature  are  presently  under 

(8) 

investigation  and  will  be  reported  elsewhere  . 

4.  Effects  of  electlc  fields.-  A  possible  test  of  the  present  model  could  consist  in 
trying  to  change  artificially  the  periodicity  of  the  surface  distortion.  This  could 
bs  dons,  for  example ,  by  applying  a  very  strong  surfacs  electric  field  such  as  one 
finds  in  FIM  experiments,  we  bsve  evaluated  how  tbs  surface  phonon  modes  are  altered 
by  the  field  by  supposing  the  first  layer  atom  to  acquire  a  charge  p-aj 

where  u  is  its  displacement  and  u2i  are  the  displacements  of  its  four  if  trot  neighbors 


i 
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Fig.  2  :  Surface  phonon  branches  of  Mo (100)  along  the  E  and  A  directions 

in  the  second  layer.  Me  believe  that  a  is  positive,  so  that  a  raised  atom  becomes  po¬ 
sitively  charged ,  but  the  same  reasoning  would  apply  for  o<0  with  a  reversed  electric 
field.  In  the  new  phonon  spectrum  all  modes  involving  a  vertical  displacement  are 
softened  by  the  field.  The  new  phase  diagram  is  drawn  (dashed  line)  in  Fig.l  for  a 

•J 

sufficiently  strong  field  whose  absolute  magnitude  is  E»3xl0  V/cm  if  we  take  a«l  e/A 
For  increasing  field  we  expect  the  reconstruction  q-vector  to  shift,  the  distortion 
acquiring  more  and  more  z  component,  until  at  some  critical  field  E^  the  distortion 
should  become  M^-like  (ccsmensurate  c(2x2)>,  with  strictly  vertical  displacements. 

This  is  made  clear  in  Fig.l  if  one  supposes  the  point  F  to  represent  the  actual 
Mo (100)  surface.  Once  the  field  is  applied  F  falls  inside  the  Mj  region.  The  new  com¬ 
mensurate  field- induced  phase  should  become  particularly  evident  e.g.  by  field  etching. 

(9) 

An  observation  in  this  direction  has  actually  been  reported  for  M ( 100)  where,  hose 
ver  the  reconstruction  is  commensurate  even  at  zero  field. 
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MODE  CONVERSION  COEFFICIENTS  OF  ACOUSTIC  WAVES  AT  A  CRYSTAL-VACUUM 
INTERFACE 


J.  Throve  and  W.E.  Bran 

Indiana  University,  Bloomington,  IN  47405 ,  U.S.A. 


Abstract •-Recent  work  by  Taborek  et  al  has  shown  that  the  reflection  of 
acoustic  phonons  f roe  a  aapphlre-vacuua  Interface  Is  divided  between  a 
specular  component  which  Is  predicted  by  elastic  theory  and  a  diffuse 
coaponent.  Knowledge  of  the  magnitude  and  direction  of  the  specular 
component  Is  useful  In  the  design  of  experiments  to  study  the  frequency 
dependence  of  the  reflection  process.  Ve  have  generated  mode  conversion 
coefficients  for  Infinite  plane  waves  traveling  Initially  In  the  x 
direction  and  Incident  at  various  angles  on  perfect  surfaces  In  quarts, 
sapphire,  and  ZnO.  For  waves  propagating  In  the  xy-plane,  ZnO  behaves  as 
an  Isotropic  solid  whereas  quarts,  because  of  Its  anisotropy,  exhibits  new 
transverse  reflections  beyond  the  critical  angle. 


Coherent  collimated  phonons  pulses  can  be  generated  via  the  plesoelectrlc 
Interaction  of  an  FIR  laser  bean  with  a  crystal  surface.  As  a  first  approximation 
the  reflection  of  such  a  pulse  froa  the  opposite  surface  after  traversing  the 
crystal  can  be  treated  as  the  reflection  of  an  Infinite  plane  elastic  wave  froa  a 
perfectly  flat  crystal-vacuua  Interface.  The  conditions  governing  such  a  reflec- 

2  3  4 

tlon  have  been  treated  extensively  In  the  literature  »  >  and  can  be  summarized  as 
follows: 

1.  The  coaponent  of  the  Incident  wave  vector  parallel  to  the  surface  Is 

conserved. 

2.  The  group  velocities  of  the  reflected  asvee  must  point  Into  the 

crystal,  although  their  wave  vectors  need  not  do  so. 

S.  The  vacuum  exerts  no  stresses  on  the  crystal. 

In  general,  the  energy  of  the  Incident  wave  Is  divided  among  reflections 
froa  each  of  the  three  acoustic  branches.  Beyond  certain  critical  angles  of 
Incidence,  however,  it  Is  no  'longer  possible  to  satlefy  the  first  two  conditions 
for  all  three  branches.  It  is  then  necessary  to  introduce  evanescent  nodes  in 
order  to  aelntaln  the  stress  free  boundary  condition.  These  modes  carry  no  energy 
away  froa  the  surface,  leaving  the  Incident  energy  to  be  divided  between  the 
remaining  bulk  wave  reflections. 

Figures  la,  h  and  3a  show  the  energy  reflection  coefficients  In  ZnO, 
sapphire  and  quarts  for  T2  waves  traveling  In  the  x  direction  incident  on  planes 
containing  the  s-axls.  Because  It  has  hexagonal  symmetry  ZnO  is  elastically 
Isotropic  with  respect  to  rotation  about  tho  s-axls1*  (Figure  lb  )  •  In  the  xy-plane 
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Figure  I.  a)  Energy  reflection  coefficients  for  T2  phonons  traveling  in  the 
a  direction  in  ZnO.  b)  Slowness  surface  for  ZnO  in  the  ay-plane  showing 
possible  reflected  nave  vectors  (solid  arrows)  for  a  T2  wave  (dashed  arrow) 
Incident  at  20°  to  the  surface  normal.  The  T1  reflection  hee  been  owl t ted. 


figure  2.  a)  Energy  reflection  coefficients  for  T2  phonons  traveling  in  the 
a  direction  in  sapphire.  b)  Slowness  surface  for  sapphire  in  the  ay-plane 
showing  possible  reflected  save  vectors  (solid  arrows)  for  a  T2  weve 
(dashed  arrow)  incident  at  MP  to  the  surface  no  real •  There  is  no  possible 
L  reflection. 


the  T1  node  is  polarised  perpendicular  to  the  plane  of  incidence  and  thus  is  not 
coupled  to  the  other  nodes  by  reflection.  Accordingly,  the  energy  of  the  incident 
T2seve  is  therefore  divided  between  T2  and  L  reflections.  Beyond  the  T>L 
critical  angle  of  2B0  the  only  bulk  save  available  for  reflection  is  the  T2  node, 
l.e. ,  with  an  energy  reflection  coefficient  of  1. 

In  sapphire  the  transverse  nodes  are  polarised  at  obligee  angles  to  the 
plena  of  incidence.  The  incident  energy  is  therefore  shared  by  all  throe 

reflected  nodes  ap  to  the  TM.  and  T2*T1  critical  angles  of  31°  and  43° 

•» 

respectively. 
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Figure  3.  a)  Energy  reflection  coefficients  for  T2  phonons  traveling  In  the 
x  direction  in  quarts.  b)  Slowness  surf see  of  qusrts  sbowihg  possible 
reflected  wave  vectors  (solid  arrows)  for  s  T2  wave  (dashed  arrow)  Incident 
at  62°  to  the  surface  normal.  One  reflected  node  has  a  wave  vector 
pointing  out  of  the  crystal. 

The  situation  In  qusrts  is  nore  complex  due  to  the  high  curvature  of  the 

5 

slowness  surface  (Figure  3b).  As  noted  by  Jones  and  Hennake  ,  It  Is  possible  for  a 
single  branch  to  contribute  more  than  one  reflected  wave  for  a  given  angle  of 
Incidence.  The  noet  clear cut  case  occurs  In  the  T2  branch  between  60°  and  63°. 
At  60°  a  new  reflection  appears  with  wave  vector  pointing  out  of  tbs  crystal  but 
with  Its  group  velocity  directed  Inward-  This  shares  the  energy  with  the  original 
T2  reflection  until  63°,  where  the  original  reaches  Its  critical  angle.  At  39.4° 
s  slightly  different  situation  creates  two  T1  modes  with  wave  vectors  pointing 
Into  the  crystal  which  coexist  over  a  range  of  less  than  .01?.  The  TM  and  T2*T1 
critical  angles  are  35°  sad  49°. 

Reflection  coefficients  for  Incident  T1  and  L  waves  show,  as  expected, 
fewer  critical  angle  features.  Coefficients  for  GaAa  are  also  available. 

Funded  by  ON  Contract  814-78-0249. 
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TIME  CONSTANT  FOR  PHONON  INDUCED  DESORPTION  OF  HELIUM* 


P.  Taborek,  M.  Sinvani,  M.  Weimer  and  D.  Good stein 

California  Institute  of  Technology,  Pasadena,  CA  91125,  U.S.A. 


Abstract.-  We  have  made  direct  measurements  of  the  time  constant  for  thermal 
desorption  of  thin  helium  films  as  a  function  of  substrate  temperature  and 
film  binding  energy.  We  find  that  the  attempt  frequency  for  desorption 
tg'1  is  several  orders  of  magnitude  larger  than  previously  reported  values. 


i 


i 


Phonons  Impinging  on  a  solid  surface  which  is  covered  with  a  helium  film  can 
cause  st  e  of  the  atoms  to  be  ejected.  The  physics  of  this  process  Is  Important 
for  an  understanding  of  the  dynamics  of  desorption  and  energy  transport  at  solid/ 
helium  Interfaces.  We  have  used  pulsed  phonon  techniques  to  study  the  rate  of 
desorption  from  a  nlchrome  surface.  The  experimental  apparatus  consists  of  a 
rectangular  thin  film  nlchrome  heater  deposited  on  a  sapphire  crystal  which  forms 
the  bottom  of  a  vacuum  can  (see  Fig.  1,  Inset).  A  superconducting  transition 
bolometer  with  a  thermal  response  time  of  ~  10  nsec  Is  mounted  ~  1  am  above  the 
heater.  By  admitting  known  quantities  of  helium  gas,  the  thickness  of  the  film 
which  covers  all  the  surfaces  In  the  cell  can  be  controlled  In  the  range  1-3 
layers.  The  ambient  temperature  Is  3.5  K  and  the  pressure  Is  always  sufficiently 
low  that  the  atoms  travel  balllstlcally  to  the  detector.  A  current  pulse  with  a 


1 

i 


4 

TIME  (/i.s«c) 


Fig.  1  :  Bolometer 
signal  as  a  function 
of  time  for  various 
heater  pulse  widths. 
Heater  temperature  ■ 
6.2  K.  The  Inset 
shows  the  experimen¬ 
tal  geometry. 
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Fla.  2  :  Bolometer  signal  as 
a  function  of  time  for  vari¬ 
ous  heater  pulse  widths. 
Heater  temperature  =8.1  K. 
The  pulse  shape  Is  described 
jy  Eq.  1.  No  further  change 
In  the  signal  is  observed  for 
pulses  longer  than  1  usee. 


known  power  and  duration  is  applied  to  the  heater,  which  raises  the  heater  tempera¬ 
ture  and  causes  desorption  of  the  film;  typical  bolometer  signals  are  shown  In 
Figs.  1  and  2.  The  temperature  of  the  heater  film  is  a  function  of  the  power  and 
can  be  calculated  from  acoustic  mismatch  theory^  and  can  also  be  deduced  inde¬ 
pendently  from  the  time  of  flight  of  the  desorbed  atoms.  The  calculated  tempera¬ 
ture  of  the  nlchrome  film  and  the  measured  temperature  of  the  desorbed  atoms  are  in 
good  agreement.  Because  the  heater  film  Is  In  contact  with  a  single  crystal  sub¬ 
strate,  the  heater  temperature  can  be  raised  and  lowered  with  a  time  constant  of 

~  10  nsec.  When  the  heater  temperature  is  higher  than  the  ambient,  the  number  of 
o 

atoms/cm  In  the  helium  film  n(t)  relaxes  to  a  new  steady  state  value  nJS  In  a 
characteristic  time  t. 

For  heater  pulse  widths  s  t,  the  desorption  signal  Is  a  sensitive  function  of 
the  pulse  width,  but  for  long  pulses,  the  signal  saturates.  By  slowly  increasing 
the  pulse  width  from  a  minimum  of  30  nsec,  the  pulse  width  which  causes  saturation 
Is  easily  observed.  Me  have  used  this  technique  to  measure  x  as  a  function  of 
film  thickness  and  heater  temperature.  Typical  data  shown  In  Figs.  1  and  2  give 

t  ~  1  usee  for  Thetter  *  6.2  K  and  t  ~  .2  usee  for  Theater  =  8.1  K 

Theories  for  the  desorption  time  t  can  be  quite  complicated,  '  but  the 

results  can  be  described  using  a  simple  thermal  activation  model^  r  *  tq  eEb/,T 

where  tQ  is  a  characteristic  attempt  frequency  and  Eb  is  the  binding  energy  of 
the  atom  to  the  substrate.  In  order  to  compare  our  results  with  previous  Indirect 
experimental  measurements^  and  theoretical  calculations^  It  Is  necessary  to 
measure  an  average  Eb  for  the  desorbed  films.  Me  have  estimated  Eb  In  two  Inde¬ 
pendent  ways.  First,  E^  can  be  extracted  by  fitting  the  time  of  flight  distribu¬ 
tion  to  a  theoretical  model  which  assumes  that  the  helium  film  Is  heated  to  the 


i 

j 


i 


C6-854 


JOURNAL  DE  PHYSIQUE 


temperature  of  the  substrate  and  the  atoms  desorb  with  a  Maxwellian  distribution. 
The  expected  bolometer  signal  has  the  form 


S(t) 


t-3/2 


-(t-  +  Eb  VkT 


v4(^mv2 


Eb> 


(1) 


with  v  =  t/t  where  t  is  the  distance  to  the  detector.  may  also  be  deduced  from 
the  chemical  potential  of  the  gas,  which  can  be  determined  by  measuring  P  and  T. 
Using  these  methods  we  find  that  Eb  £  35  K  for  the  data  shown  in  Figs.  1  and  2. 
From  t  «  Tfl  eEb^,  we  find  tq  <  5  x  10"*  sec,  at  least  two  orders  of  magnitude 
smaller  than  the  value  deduced  In  reference  (4)  and  explained  in  reference  (2). 

The  technique  used  In  that  experiment  is  very  insensitive  to  the  smell  time 
constants  which  are  observed  for  heater  temperatures  above  6  K.  Our  measurements 
are  consistent  with  their  data,  but  yield  much  more  precise  values  of  t  in  this 
regime. 
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POLARIZATION  DEPENDENCE  OF  PHONON  INDUCED  DESORPTION  OF  He  ATOMS  AT 
LOW  TEMPERATURES* 

P.  Taborek,  M.  S invan i,  M.  Weimer  and  D.  Goodstein 
California  Institute  of  Technology,  Pasadena,  CA  91128,  U.S.A. 


Abstract.-  He  directly  observe  the  desorption  of  He  atoms  from  a  thin  film 
on  the  surface  of  a  solid  by  both  longitudinal  and  transverse  ballistic 
phonons.  Ballistic  propagation  of  the  He  atoms,  sound  in  the  vapor  and 
second  sound  In  the  bulk  liquid  are  all  separately  observed.  Comparison 
of  the  data  reveals  that  the  efficiency  of  conversion  of  L  and  T  phonons 
is  the  same  for  these  three  different  modes  of  coupling. 


The  heat  pulse  technique  has  previously  been  used  by  several  authors  to  study 
the  transmission  of  thermal  energy,  via  longitudinal  (L)  and  transverse  (T) 
ballistic  phonons  generated  in  a  solid,  across  an  Interface  with  bulk  superfluid 
helium.  Schwanenburg  and  Wolter^  first  made  a  direct  measurement  of  the  relative 
L/T  phonon  transmission  coe*  >  -ent  Into  He  II  by  observing  two  peaks  in  the 
collective  second  sound  slgnai  corresponding  to  the  two  incident  phonon  polariza¬ 
tions.  In  a  later  experiment  Salemink,  van  Kempen  and  Hyder^  studied  the  conver¬ 
sion  of  both  L  and  T  ballistic  phonons  Incident  from  the  solid  to  first  sound 
(ballistic  phonon  propagation)  In  He  II. 

Using  essentially  similar  techniques  we  have  studied  the  desorption  of  thin 
films  (1-3  layers)  of  He  adsorbed  on  the  surface  of  sapphire.  The  experimental 
arrangement  consists  of  a  resistive  thin  film  Nlchrome  (~  .1  nen*)  heater  evaporated 
onto  a  single  crystal  sapphire  cylinder  57  mn  In  diameter  and  9.5  mm  thick  whose 
crystallographic  y-axls  coincides  with  the  direction  of  phonon  propagation.  The 
far  side  of  the  crystal  is  in  a  vacuum  can  where  He  gas  may  be  admitted.  The 
adsorbed  film  thickness  Is  controlled  via  the  He  gas  pressure.  The  entire  cell  Is 
Immersed  In  a  helium  bath  at  about  2  K.  Pulsing  the  heater,  ballistic  longitudinal 
and  transverse  phonons  propagate  through  the  crystal  arriving  at  the  far  surface 
at  different  times  (see  Inset  Fig.  1).  He  atoms  are  desorbed,  and  their  arrival 
time  spectrum  detected  by  a  superconducting  bolometer  above  the  crystal  surface  In 
the  gas.  When  the  mean  free  path  In  the  9as  Is  long  coapared  to  the  distance  to 
the  bolometer  the  desorbed  atoms  travel  belllstlcally  to  the  detector.  In  this  low 
pressure  regime  we  observed  two  peaks  In  the  desorption  signal  (Fig.  1).  The 
difference  in  arrival  time  for  these  two  peaks  Is  precisely  the  same  as  the 
difference  In  tines  of  flight  across  the  sapphire  of  the  two  phonon  polarizations, 
as  measured  by  a  bolometer  evaporated  directly  on  the  surface  of  the  crystal.  The 
•Supported  In  pert  by  OUR  Contract  #  N00014-80-C-0447 
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Fig.  1  :  Bolometer  signal  vs.  time. 

Top:  Desorbed  atoms  travel  ballistlcally 
to  bolometer  In  gas.  T  =  2  K,  pulse  200 
nsec,  heater  power  2  watts,  distance  to 
bolometer  5.8  x  10-3  cm.  Arrival  time 
of  peaks  corresponds  to  two  phonon 
polarizations  shifted  by  TOF  through 
crystal. 

Bottom:  Phonons  propagating  through 
crystal:  bolometer  on  opposite  face. 

T  =  2  K,  pulse  30  nsec. 


Fig.  2  :  Bolometer  signal  vs.  time. 

Top:  Second  sound  T  =  2  K,  pulse  250 
nsec,  heater  power  2  watts,  distance 
to  bolometer  2.8  x  10-J  cm. 

Bottom:  Sound  in  gas,  T  ■  2.86  K,  pulse 
100  nsec,  heater  power  2  watts,  gas 
pressure  5  torr.  Arrival  time  of  peaks 
for  sound  and  second  sound  separated  by 
TOF  difference  of  two  phonon  polariza¬ 
tions  through  crystal.  Absolute  times 
coincide  with  i OF  through  crystal  and 
speeds  of  sound  and  second  sound  at 
temperatures  indicated. 


detector  must  be  sufficiently  close  to  the  crystal  to  resolve  the  signal  due  to  L 
and  T  phonons  In  spite  of  pulse  broadening  effects. 

As  the  gas  pressure  In  the  cell  Is  increased  the  desorption  signal  undergoes 
a  transition  to  collective  motion  In  the  gas,  that  Is,  sound.  Two  sound  peaks, 
generated  by  the  L  and  T  phonons  are  likewise  observed  (Fig.  2).  Finally,  when 
the  cell  Is  filled  with  bulk  liquid  He  II  two  second  sound  pulses  are  observed. ^ 
The  most  striking  feature  of  these  observations  Is  that  the  relative  transmission 
coefficient  of  L  and  T  phonons,  as  deduced  from  the  amplitude  of  the  two  peaks,  Is 
very  nearly  the  same  for  three  very  different  modes  of  heat  transport  —  ballistic 
propagation  In  the  gas,  collective  propagation  In  the  gas,  and  collective  propa- 
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gation  in  the  liquid.  Further,  this  ratio  is  roughly  equal 
to  the  relative  amplitude  of  L  and  T  phonon  pulses  in  the  crystal.  Thus  the 
coupling  of  these  two  polarizations  across  the  Interface  Is  approximately  equal. 
The  similarity  of  the  L/T  ratio  for  desorption,  sound,  and  second  sound  generation 
suggests  that  the  same  mechanism  of  coupling  across  the  Interface  operates  in  all 
three  cases. 


References:  1.  T.  J.  B.  Schwanenburg  and  J.  Wolter,  Phys.  Rev.  Lett.  31_,  693 
(1973). 

2.  H.  W.  N.  Salemink,  H.  van  Kempen,  and  P.  Wyder,  Phys.  Rev.  Lett. 
41,  1733  (1978). 
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LOW  FREQUENCY  PHONONS  IN  SINTERED  COPPER 

B.  Frisken,  7.  Guillem,  J.P.  Harrison  and  J.H.  Page 

Physios  Department,  Queen's  University,  Kingston,  Ontario,  Canada,  K7L  3H6 


Abstract.  -  Measurements  of  Young's  Modulus  and  sound  velocity  of  a  range  of 
sintered  copper  powder  samples  have  demonstrated  the  existence  of  low  fre¬ 
quency  soft  phonon  modes  that  could  explain  the  low  temperature  anomaly  in  the 
Kapitza  resistance  between  liquid  3He  and  sintered  metal  heat  exchangers 


below  10  mK. 


Introduction.  All  measurements  of  the  Kapltza  resistance,  or  thermal  boundary 
resistance,  between  liquid  ^e  and  solids  in  the  region  of  1  mK  have  been  anomalously 
ssdl  when  compared  with  the  predictions  of  acoustic  theory.  In  addition,  the 
measured  resistances  have  generally  been  proportional  to  T-1  rather  than  T-3  as 
given  by  acoustic  theory ^ 1 ^ .  This  is  a  low  temperature  effect  since  the  acoustic 
theory  seems  to  describe  experimental  results  quite  well  in  the  30-100  tempera¬ 
ture  range.  Either  there  is  an  extra  channel  for  heat  flow  across  the  boundary  or 
there  is  a  problem  with  the  acoustic  theory  when  I  4  10  mK.  It  has  been  argued  by 
others  that  magnetic  coupling  la  the  extra  channel.  However,  this  is  unlikely  since 
the  anomalous  resistance  is  Independent  of  magnetic  field,  3He  pressure,  phase  of 
the  3He  (A,  B  or  normal)  or  magnetic  Impurity  content  of  the  solid.  He  are  instead 
pursuing  the  possibility  that  the  usual  acoustic  mismatch  theory  is  inappropriate  at 
the  lowest  temperatures  for  the  solids  that  have  been  Investigated;  all  experiments 
have  been  made  with  solids  thst  were  either  sintered  metal  powders  or  powdered 
cerltm  magnesium  nitrate.  In  all  cases  the  powder  diameter  (d)  was  smaller  than  or 
comparable  with  the  dominant  phonon  wavelength  at  1  mK  (‘v  30  vm  in  bulk  solids) . 
Therefore  the  usual  Debye  spectrum  has  a  long  wavelength  cut-off  at  Xph  %  d,  with  a 
consequent  low  energy  cut-off  at  E/kg  *v  hv^/k^d  (*  100  mK  when  d  ■  1  pm)  where  kg  is 
Boltzmann's  constant  sad  vQ  is  the  Debye  sound  velocity.  A  consequence  is  that 
essentially  no  bulk  phonons  are  excited  at  1  mK.  Instead  there  should  be  new  normal 
modes  associated  with  the  powder  particles  as  lumped  masses  and  the  necks  between 
particles  as  weak  springs.  He  present  here  the  results  of  an  investigation  of  these 
new  modes. 

Sample  Pt^fp.  <tlgo.  A  variety  of  copper  and  silver  powder  diameters,  pecking  factors 
and  sintering  processes  have  been  used  by  various  groups  in  the  past^.  This  work 
was  dome  with  700  I  copper  powder^  sad  with  a  range  of  packing  factors  and  sinter¬ 
ing  temperatures .  The  powder  wee  first  cleaned  in  trichloroethylene  and  then  in 
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acetone  (10  minutes  In  an  ultrasonic  bath) .  The  powder  was  dried,  placed  loosely  in 
aluminum  foil  boats  in  a  furnace  tube  and  the  tube  evacuated.  When  the  pressure  had 
dropped  to  10“  **  torr  the  furnace  was  switched  on  and  brought  up  to  its  working  temp¬ 
erature  (usually  200°C).  Then  hydrogen  was  allowed  to  stream  through  the  tube  for 
15  minutes  at  which  time  the  furnace  tube  was  quickly  cooled.  As  soon  as  possible 
the  pre-sintered  powder  was  packed  into  a  clean  mold.  Apart  from  varying  the  sinter 
temperature  the  sinter  process  was  the  same  as  the  pre-sinter  process  described 
above.  The  final  samples  were  in  the  form  of  2  am  thick  discs  or  beams  70  nm  x  5  am 
x  2  am. 

Method  and  Results .  In  order  to  investigate  the  low  frequency  modes,  measurements 
were  made  of  the  Young's  modulus  (zero  frequency)  and  the  velocity  of  longitudinal 
sound  (15  MHz) . 

(I)  Young's  Modulus.  The  sinters  are  quite  stiff  and  to  obtain  a  measurable  dis¬ 
tortion  with  reasonable  loads  the  sinter  was  formed  into  long  thin  beams  that  were 
supported  at  the  ends  and  loaded  in  the  centre.  The  beams  were  loaded  in  2  gm 
Increments  to  about  40  ga  and  then  unloaded  in  increments  while  the  deformations 
were  measured  with  a  travelling  microscope.  Young's  Modulus  (Y)  was  determined  from 
a  deformation  versus  load  plot.  The  results  are  shown  in  figure  1,  plotted  as 

Y/Y  where  Y  is  the  Young's  modulus  of  copper  (12.5  x  1010Hm-2). 
cu  cu 

(II)  Sound  Velocity.  The  ultrasonic  velocity  was  measured  in  the  frequency  range 
12-20  MHz  on  thin  disc-shaped  samples.  The  sinters  were  dry  polished  flat  and 
parallel  using  fine  silicon  carbide  paper.  The  samples  were  then  placed  between  two 
quartz  delay  rods  and  the  velocity  was  measured  from  the  time  delay  between  a 
reflected  pulse,  which  has  travelled  up  and  down  the  quarts  rod  only,  and  a  trans¬ 
mitted  pulse,  which  has  passed  through  the  specimen  and  each  quarts  rod.  The  trans¬ 
mitted  signals  were  generally  weak  and  often  broad,  in  part  due  to  interference 
effects  caused  by  lnhomogenelties  in  the  sinters,  and  consequently  the  leading  edge 
of  the  pulses  was  used  in  all  measurements.  To  prevent  bonding  fluid  from  penetrat¬ 
ing  the  pores  of  the  sinter  thin  latex  membranes  were  Inserted  between  the  sinter 
and  the  quarts  rod,  with  a  layer  of  Nonaq  stopcock  grease  or  glycerol  between  the 
quartz  and  the  mesbrane  but  not  between  the  membrane  and  the  sinter.  A  measured 
correction  of  0.0'  ,*■  wan  applied  for  the  delay  in  the  membranes .  The  technique 
worked  well  for  both  Ag  sad  Cu  siatnrs  oqer  a  range  of  packing  factors  f;  for  a  Ag 
sinter  with  f  -  531,  we  obtain  the  velocity  v^  -  (1.73  ±  .05)  x  10*ms-1  and  for  Cu 
sinters  with  f  •  AM  and  421  we  measure  vA  -  (1.6  1  .1)  and  (1.2  ±  .2)  x  10 ^me-1 
respectively.  Measurements  were  also  mads  on  a  Cu  sinter  of  33Z  filling  factor,  but 
even  with  the  sample  thl  chmaea  reduasd  to  0.53  am,  the  ultrasonic  attenuation  mas  so  . 
great  that  the  msmbrsBea  had  to  be  fsmuvSd  for  s  transmitted  signal  to  be  observed; 
in  this  case,  the  band  was  made  with  Pondq  which  is  sufficiently  viscous  to  cause 
minimal  contamination  la  the  slater.  iW-thia  staple  ■  0.73  i±  J£X«X  UOhw"1. 

Tbs  results  for  these  samples  have  been  converted  to  a  reduced  elastic  modulus 
pvt2/(pv,2)Vji,v  where  bulk  refers  to  bulk  capper  or  elluir. 
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Discussion  of  Results.  First  of  all  the  sinters  are  elastic  and  considerably  softer 
than  bulk  copper.  There  is  a  marked,  but  not  unexpected^,  dependence  upon  packing 
factor,  this  has  been  confirmed  in  more  recent  work  on  both  copper  and  silver^. 
The  sound  velocity  and  elastic  modulus  measurements  are  in  satisfactory  agreement; 
the  agreement  is  better  in  the  more  recent  work  in  which  sample  preparation  was  more 
consistent. 

For  these  soft  modes  to  be  significant  in  heat  transfer  at  £  10  mK  they  would 
have  to  exist  to  v  >  10"2(k^/h)  or  200  MHz .  Their  upper  limit  can  in  fact  be  estim¬ 
ated  by  applying  Debye  theory.  With  N/V  ^  lO^m”3^*)  we  find  “x.  500  MHz.  There¬ 
fore  these  modes  should  completely  dominate  the  phonon  spectrum  below  10  mK.  They 
are  softer  modes  and  have  a  density  of  states  up  by  'v  50  when  compared  to  bulk 
copper  and  it  is  not  surprising  therefore  that  acoustic  mismatch  theory  with  bulk 
copper  parameters  falls  to  agree  with  experimental  results. 

In  conclusion  it  is  emphasised  that  theBe  are  continuum  modes  of  the  sinter 
plus  whatever  occupies  the  pores  (usually  liquid  helium) .  For  a  full  understanding 
of  heat  transfer  below  10  mK  a  study  is  now  required  of  the  coupling  of  these  modes 
to  the  electron  gas  in  the  metal  and  to  the  quaalpartide  excitations  in  the  liquid 
3He  or  3He/4He  mixtures. 
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Figure  1.  Percies  are  the  beam 
bending  results  with  sintering 
temperatures  as  follows: 

Open  circles,  1^5°C 
Half-open  circles,  200°C 
Closed  circles,  225°C. 

Triangles  are  die  sound  velocity 
results  with  a  sintering  tempera¬ 
ture  of  200°C.  The  55X  result  is 
for  eiluur.  ’•  ' 
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PHONON  ECHOES  IN  BULK  AND  POWDERED  MATERIALS 


K.  Kajumra 

Eleatroteohnioal  Laboratory,  Sakura-mura,  Ibaraki  308,  Japan 


Abstract.-  Experimental  and  theoretical  studies  of  phonon  echoes 
in  bulk  and  powdered  materials  are  reviewed.  Phonon  echoes  have 
been  observed  in  manv  materials  such  as  bulk  piezoelectric  crys¬ 
tals,  paramagneta,  glasses,  doped  semiconductors,  and  piezoelec¬ 
tric,  magnetic,  and  metallic  powders,  etc.  The  echoes  arise  from 
a  time  reversal  of  the  phase,  like  spin  echoes,  of  a  primary 
pulsed  acoustic  excitation  due  to  a  second  acoustic  or,rf  pulse. 
The  phase  reversal  occurs  through  the  nonlinear  interactions  of 
acoustic  oscillations  with  either  themselves  or  electromagnetic 
fields.  The  diversing  phonon  echo  phenomena  can  be  classified 
into  two  general  classes  defending  on  the  type  of  nonlinear  mech¬ 
anism  responsible  for  echo  formation:  In  parametric  "field-mode" 
interaction  systems  the  applied  rf  field  of  the  second  pulse 
interacts  with  the  modes  excited  by  the  primary  pulse  to  cause 
phase  reversal.  The  echo  amplitude  of  this  class  decreases  mo¬ 
notonously  with  the  time  separation  of  applied  two  pulses,  t. 
Backward  and  forward  propagating  wave  echoes  in  bulk  materials 
belong  to  this  class.  In  "enharmonic  oscillator"  systems  differ¬ 
ent  oscillation  modes  nonlinearly  couple  to  one  another  to  cause 
subsequent  echo  formation.  The  echo  amplitude  initially  in¬ 
creases  with  t  and  takes  a  maximum  before  decreasing  exponential¬ 
ly  for  large  t.  Only  the  powder  echoes  are  in  this  class.  In 
addition  to  these  dynamic  echo  phenomena  there  are  quasistatic 
three- pulse  echoes  in  which  phases  are  stored  for  days  and  years, 
phirnnaeni  being  applicable  to  mass  storage  devices.  The  essen¬ 
tial  physics  .  j-nonon  echo  phenomena  seems  to  be  well  understood 
although  precise  quantitative  descriptions  of  each  phenomenon  are 
still  required.  The  phonon  echo  studies  are  now  being  applied  to 
a  tool  for  physics  and  to  technology. 
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STATIC  POLARIZATION  ECHOES  IN  METAL  POWDERS 

F.  Tsuruoka*  and  K.  Kajiaura 

Eleotroteohniaal  Laboratory,  Sakura-mura,  Tbaraki  SOS,  Japan 


Abstract.-  Static  polarisation  echoes  with  long  tlae  storage  In  metal  powders 
placed  la  steady  magnetic  field  have  been  studied.  The  echo  amplitudes  were 
found  to  be  unstable  when  the  surrounding  He  gas  pressures  were  less  than 
10  Pa,  whereas  they  were  stabilised  by  Introducing  a  snail  aaount  of  He  gas  of 
k  100  Pa  at  4.2  K.  The  phenomenon  can  be  understood  If  the  process  Involves 
the  nacroecoplc  reorientation  of  individual  particles  and  if  the  aechanical 
rotation  of  the  individual  particles  is  stabilised  by  the  Increase  in  lnter- 
partlcle  friction  due  to  the  presence  of  He  gas  aolecules  on  the  particles. 

A  particular  base  axis  of  the  rotation  is  proposed  to  be  specified  by  an 
anisotropic  magnetic  dipole  caused  by  electric  currents  associated  with  the 
mechanical  oscillation  of  particles. 


1.  Introduction.-  In  powder  sample*  consisting  of  a  large  number  of  particles  (>105) 
of  picseelectric,  taagnetoelastlc,  normal  metallic,  and  superconducting  materials, 
two-pulse  polarization  echoes  occur  , at  tvnrt  (**2,3,4,...)  and  stimulated  three-pulse 
echoes  at  t-pT+rt  (p.r-1,2,3. . .)  following  applied  rf  pulses  at  times  t-0,  t,  and 
T>T.  The  primary  puls*  at  t«0  excites  resonant  acoustic  oscillations  In  the  parti¬ 
cles.  Only  the  powder  particles  having  sizes  of  an  order  of  the  acoustic  wavelength 
excited  in  the  particles  are  responsible  for  the  echo  formation.  Powder  echoes  are 
separated  into  two  general  types.  Dynamic  echoes1  have  relaxation  tines Tj associated 
with  acoustic  oscillations  of  the  particles.  The  relaxation  tine  Tj  coincides  with 
the  decay  time  of  free  oscillation  of  the  constituting  particles.  Static  or  memory 
echoes2  are  those  for  which  the  relaxation  tine  of  the  stimulated  three-pulse 
echo  at  t-T+r  exceeds  the  lifetime  of  any  dynamic  process.  The  static  polarisation 
echoes  were  observed  In  powders  of  piezoelectric, 1  ferromagnetic,’  and  normal  metal¬ 
lic  materials. *  The  echo  formation  mechanism  and  long  tine  storage  proposed  by 
Melcher  and  Shiren2  for  piezoelectric  powders  assume  mechanical  reorientation  of 
particles  caused  by  the  torque  exerted  on  an  oscillating  dipole  by  an  external  rf 
pulse.  This  model,  referred  to  as  the  torque-rotation  model,  has  been  successful  In 
explaining  the  properties  of  the  static  echoes  In  plesoelectric  powders.9  The  model 
is  readily  applicable  to  the  static  echoes  of  magnatoalaatle  powders  la  which  the 
magnetostrictlve  axis  behaves  as  §  base  axis  for  an  oscillating  dipole.  In  natal 
powders,  however,  it  has  not  been  clear  so  far  that  what  types  of  Information  are 
stored  la  the  Individual  particles.  In  this  paper  we  report  experimental  results 
on  the  static  polarization  echoes  of  metal  powders  of  Al,  Sn,  and  Kb  and  of  type  II 

*Fenmmemt  address  i  Faculty  of  Science,  Tokyo  Institute  of  Technology,  Oh-okay  sew , 
Nsgure-ku,  Tokyo  152,  Japan 
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superconducting  powder  of  V^Si  which  suggest  mechanical  reorientation  of  individual 
particles.  We  also  propose  that  a  particular  base  axis  for  the  torque  rotation  can 
be  specified  by  the  anisotropic  magnetic  dipole  caused  by  the  electric  current  asso¬ 
ciated  with  the  acoustic  oscillations  of  the  particles. 

2.  Experimental  results.-  A  detailed  description  of  experimental  procedure  and 
results  wet  3  published  in  Refs.  6  and  7.  We  summarize  only  the  essential  experimental 
result  indicating  the  macroscopic  reorientation  of  metal  particles  in  the  following: 
(1)  The  echo  amplitude  took  a  maximum  when  the  resonance  condition  was  met  for  the 
acoustic  vibration  of  Individual  particles,  (ii)  Integration  of  the  static  echo 
amplitude,  e^,  to  its  maximum  value  by  repetitive  application  of  a  two-pulse  sequence 
with  the  relative  phase  strictly  fixed  was  required  to  observe  e^  with  reasonable 
signal  to  noise  ratio  under  He-gas  pressures>100  Pa.  (ill)  In  a  vacuum  of  10"'  Pa 
e^  was  not  detected  even  for  repetitive  application  of  a  two-pulse  sequence.  Under 
He  gas  pressures  less  than  10  Pa  was  unstable  in  a  sense  that  the  integration  by 
the  two-pulse  sequence  and  the  destruction  by  the  third-pulse  sequence  occurred 
irregularly  in  time .  Actually,  when  a  third  probing  pulse  was  applied  after  turning 
off  the  repetitive  two-pulse  sequence,  e^  died  out  immediately.  Above  100  Pa  inte¬ 
gration  of  Cj  to  its  saturation  was  observed  although  the  integration  rate  was  very 
low.  The  storage  was  able  to  be  read  out  nondestructively  by  the  third-pulse 
sequence  after  turning  Off  the  two-pulse  sequence  and  erased  only  when  the  surround¬ 
ing  gas  pressure  was  reduced  and  an  rf  pulse  was  applied. 

3.  Discussion.-  In  the  presence  of  surrounding  gases  the  oscillation  energy  is  trans¬ 

ferred  from  a  particle  to  them  through  its  surface  and  consequently  the  oscillation 
amplitude  is  damped  as  has  been  investigated  In  the  study  of  dynamic  echoes. 1,6 
When  the  surrounding  gas  is  pumped  out  to  a  vacuum,  the  oscillation  amplitude  becomes 
large  enough  for  particles  jumping  around  their  unstable  sitting  positions,  resulting 
in  irreversible  disturbance  of  the  atored  pattern.  When  He  gas  is  introduced,  both 
the  damping  of  oscillation,  T,  and  the  interparticle  friction  against  the  mechanical 
rotation,  r>t  in  the  torque-rotation  model  Increase.  The  measured  increase  in  T  was 
at  most  50  Z  when  the  He  pressure  was  increased  from  10"'  to  10s  Pa.'  The  striking 
effect  of  the  presence  of  surrounding  gaase  on  the  static  echoes  comes  from  the 
sudden  increase  In  T*,  which  prevents  the  Irreversible  disturbances  of  the  stored 
pattern.  In  fact  the  integration  rate  Until  lower  chan  that  expected  from  only 

the  increase  in  T.  It  ia  noted  that  the  effect  of  surrounding  games  takes  place 
outside  the  metal  powders  but  not  inside  the  particles  similar  la  nature  to  halo*' 
graphic  processes'  or  dislocation  motions. * 

He  propose  that  tbs  anisotropic  dipole  moment  lo  caused  by  the  electric  current 
flowing  around  the  metal  surface  associated  with  mechanical  oscillation  of  individ¬ 
ual  partlclaa  along  the  direction  to  Which  the  resonance  condition  Is  met.  Tha  base 
axis  of  tha  magnetic  dipole  for  the  mechanical  rotation,  therefore,  originates  from 
the  geometric  amd  elastic  snlsotropy  of  Irregularly  shaped  powder  particles.  The 
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mechanical  oscillation  is  excited  by  Lorents  force  acting  on  conduction  electrons 
and  positive  ions  due  to  the  rf  and  steady  magnetic  field  as  was  investigated  earlier 
by  Meredith  et  al.10  This  wechanisa  was  applied  to  powders  by  the  present  authors.* 
An  electric  current  is  induced  at  the  surface  of  an  oscillating  particle  placed  in 
the  steady  aagnetic  field  due  to  the  acouatoelectromagnetic  response  of  electrons 
and  ions  in  the  direction  noraal  to  both  the  surface  and  the  direction  of  projection 
of  the  rf  aagnetic  field  on  the  metal  surface.  The  induced  current  then  causes  a 
aagnetic  dipole  aoaent  along  the  latter  direction.  The  theoretical  calculation  based 
on  the  torque-rotation  model1  with  the  above  mentioned  dipole  moment  gives  a  result 
in  satisfactory  agreement  with  the  experimental  results  on  the  dependences  of  the 
static  echo  aaqplitude,  e^,  on  the  rf  pulse  amplitudes  and  the  strength  of  the  steady 
magnetic  field.7 

In  conclusion  we  found  that  surrounding  He  gas  strongly  affected  the  stability 
of  the  static  echoes  at  4.2  K.  Based  on  this  experiment  we  conclude  that  the  static 
echoes  in  aetal  powders  are  understood  by  the  torque-rotation  aodel  in  which  the  base 
axis  for  rotation  is  specified  to  be  along  the  anisotropic  dipole  aoaent  caused  by 
the  electric  current  associated  with  the  mechanical  vibration  of  individual  particles. 

The  authors  would  like  to  acknowledge  Professor  T.  Fukase  for  his  supply  with 
VjSi  samples.  One  of  the  authors  (FT)  is  gratefully  indebted  to  Dr.  T.  Ishlguro  and 

Professor  Y.  Hlki  for  their  giving  him  an  opportunity  to  stay  at  Electrotechnical 
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ECHO  PROPERTIES  OF  B60  AND  CdS 

J.O.  Fossuo,  H.J.  Aune,  K.  Fossheim  and  R.M.  Holt 

The  Norwegian  Institute  of  Technology,  7034  Trondheim-NTH,  Norway 


Abstract.-  A  brief  discussion  is  given  of  the  theory  of  echo 
generation  in  insulators  and  semiconductors.  For  semiconductors 
it  is  shown  that  ui,2u  echo  generation  may  occur  without  dc- 
field  present.  In  this  case  the  echo  amplitude  is  directly  pro¬ 
portional  to  the  electronic  conductivity  and  the  applied  fields. 
Experiments  in  CdS  support  the  predictions.  From  measurements  on 
BGO  it  is  concluded  that  interactions  with  vacancies  which  is 
responsible  for  strong  acoustic  attenuation  at  low  temperatures, 
does  not  contribute  in  the  echo  generation. 


1 .  Introduction. -  Wavevector  reversed  phonon  echoes  have  recently  been 

.  1  2 

used  as  a  powerful  tool  in  studying  phase  transitions  '  .  The  present 

work  is  aimed  at  a  further  mapping  of  echo  properties  of  single  crys¬ 
tals  in  order  to  find  proper  materials  for  such  use.  In  addition  it  is 
of  great  interest  to  attain  an  improved  understanding  of  the  origin  of 
the  echo  mechanism  itself.  For  a  more  general  discussion  of  phonon 
echoes  we  refer  to  a  forthcoming  review3. 

2.  Theory.-  Starting  from  a  free  energy  expansion  in  strain  S  and 
electric  field  E  ,  and  applying  Poisson’s  equation,  Newton's  2nd  law 
(in  one  dimension)  can  be  written: 

2  2 

p  -Mr  ~  c  *  *  c.ES  ♦  c_B2S  ♦  2®  n  <1  ♦  k£  ♦  ..)  ♦  ...  (1) 

at*  °  32*  1  2  e  • 

where  u  is  the  mechanical  displacement,  p  is  the  mass  density,  cQ 
is  the  piezoelectrically  stiffened  elastical  constant,  c^  ,  c2  and 
ic  are  functions  of  various  electroacoustic  coupling  constants,  e  is 
the  piezoelectric  constant,  Q  is  the  elementary  charge,  e  the  di¬ 
electric  constant  and  n8  denotes  the  space  charge  density. 

In  insulating  dielectrics  ■  0-  ,  A  term  associated  with  an 
electroacoustic  nonlinearity  cn  in  this  case  gives  rise  to  an 
u>,2u/n  echo  (n  is  an  integer).  This  means  that  a  forward  propagating 
strain  Wave  of  frequency  u,  Sf~SQ  cos(wt-kz)  is  nixed  with  an 
electric  field « of,  frequency  2u/n  i.e.  cosn  —  t  ,  to  produce 

a  backward  wave  etfhd 

*b“M8  sin(wt  ♦  kz) 


(2) 


C 6-868 


JOURNAL  DE  PHYSIQUE 


In  centrosymmetric  crystals  all  odd  numbered  constants  c2n+J]  vanish, 
so  the  lowest  order  echo  will  be  an  u,u  echo.  Otherwise,  a>,2ui 
echoes  are  of  lowest  order. 

In  semiconductors  ng*0  .  In  addition  to  the  mechanism  discussed 
above,  the  last  terms  In  (1)  now  provide  sources  for  echo  generation. 
As  explained  by  Melcher  and  Shlren*,  ng  will  contain  a  backward  wave 
component  If  the  applied  strain  and  field  have  the  same  frequency 
(oi,(ii)  .  They  found  that  u>,w  echoes  as  well  as  <u,w/n  echoes  may  origi¬ 
nate  from  the  term  52n  In  (1).  This  term  can  not  give  rise  to  for 

e  s 

instance  u>,2u  echoes  except  with  application  of  a  dc-field.  We  find, 
however,  that  unbiased  u,2u>  echo  generation  may  occur  from  the  term 
n_  <E  .  From  the  equation  of  charge  continuity  and  the  express 
for  the  current  density,  ng  is  found  to  contain  a  term  propori  lal 
to  c'qSqCos (wt-kz) .  oc  is  the  static  electronic  conductivity.  M  vj 
ng  with  B  ,  a  backward  echo  is  formed: 

Sb  -  °oS0E0  si»(«t  +  kz)  . 

a  generally  depends  on  illumination,  temperature  and  possibly  on 
field  amplitudes  SQ  and  EQ  ,  as  well  as  pulse  widths  and  repetition 
rate. 

When  ng  «  0  ,  storage  echo  phenomena  may  also  occur5. 

3.  Echoes  in  BGO  (Bi12Ge02Q).  In  the  present  work,  w,2w  echoes  have 
been  observed  in  BGO  with  several  modes  of  sound  propagation  in  broad 
ranges  of  frequency  and  temperature . 

The  echo  amplitude  dependence  on  strain  and  electric  field  has 
proved  to  be  bilinear ,  as  expected  from  Sq. (2) .  No  saturation  effects 
are  seen. 


With  pulsed  fields  the  resulting  echo  is  shorn  experimentally  to 
be  the  convolved  product  of  the  input  pulses,  with  the  time  scaled  by 
a  factor  two  for  the  second  (E)  pulse. 


TtRKftATUftf  {K  | 
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Fig,  2  :  u),2io  echo  amplitude  in  CdS  at 
room  temperature  versus  electronic  con¬ 
ductivity  for  various  2u>  fields.  The 
fully  drawn  lines  are  predicted  from 
Eq. (3)  . 

The  temperature  dependence  of  the 
echo  at  100  MHz  is  given  in  Fig.1.  The 
reduction  in  measured  echo  amplitude  near 
55  K  is  completely  attributed  to  the  in¬ 
creased  absorption  in  this  temperature 
region6.  Hence  vacancy  diffusion  in  the 
Ge  sublattice,  which  is  responsible  for 
the  attenuation  peak,  does  not  have  any  influence  on  the  formation  of 
phonon  echoes. 

4.  Echoes  in  CdS.-  Measurements  are  performed  with  4  different  CdS- 

8  10 

crystals  of  high  dark  resistivity  (10  -10  SI  cm)  ,  supplied  from  3 
different  sources.  All  these  crystals  show  strong  unbiased  u>,2w  echoes* 
and  also  u>,u>  echoes  at  room  temperature. 

The  u),2ui  echo  amplitude  is  found  to  be  proportional  to  the 
electronic  conductivity,  in  agreement  with  the  prediction  in  Eq. (3) . 
This  is  illustrated  in  Fig. 2,  where  the  conductivity  is  changed  by 
continuously  varying  the  voltage  of  a  white  light  lamp.  The  relative 
change  in  conductivity,  Aa  ,  is  measured  by  detecting  the  change  in 
ultrasonic  attenuation,  Aa  .  In  all  our  CdS-crystals,  the  attenuation 
increases  with  increasing  conductivity.  Theory7  predicts: 

K2 

Aa  =  —  A  a  (4) 

2 

where  K  is  the  electromechanical  coupling  constant  and  v  is  the 
sound  velocity.  The  deviation  from  the  predicted  line  for  maximum 
field  ( OdB)  is  due  to  field-dependent  photoconductivity  for  this 
crystal. 

For  two  of  the  crystals  the  photoconductivity  and  accordingly  the 
echo  amplitude  is  seen  to  depend  nonlinearly  on  exitation  field  ampli¬ 
tudes  and  pulse  widths  as  well  as  the  rf-repetition  rate. 
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BACKWARD  WAVE  PHONON  ECHOES  AT  17  GHz  IN  SINGLE  CRYSTALS  OF  LiTa03, 
LiNbO,  AND  Bi12Si02O 

D.J.  Meredith,  J.A.  Pritchard  and  J.K.  Wigmore 
University  of  Lancaster,  U.K. 

Abstract.-  Fran  measurements  of  the  power  and  time  dependence  of  2  pulse 
echoes  at  17  QBz,  we  inferred  that,  at  low  powers,  an  intrinsic  non-linearity 
ys2E2  was  responsible  for  their  generation  in  LITaOj  and  LiNbOj.  However,  this 
model  could  not  explain  either  the  high  power  data  in  these  materials,  or  any 
of  the  results  in  Bii2Si02o. 


It  is  now  well  established  that  there  are  several  different  microscopic  mechan¬ 
isms  which  are  all  capable  of  producing  phonon  echoes,  depending  on  the  nature  of  the 
material  and  the  form  of  the  specimen.  Thus,  it  has  been  suggested  that,  in  macro¬ 
scopic  single  crystals  of  non-centrosymmetric  materials,  the  non-linearity  responsible 
for  backward  wave  phonon  echoes  could  be  an  intrinsic  feature  of  the  crystal  lattice 

potential1',  or  it  could  be  due  to  defect  centres  that  are  strongly  coupled  to  the 
2 

phonons  .  In  an  attempt  to  understand  both  the  details  of  these  mechanisms  and  the 
conditions  under  which  they  might  be  important ,  we  have  been  studying  backward 
wave  echoes  in  lithium  tantalate  (LiTaOj),  lithium  ni abate  (LiNbO 3)  and  bismuth 
silicon  oxide  (Bii2Si02o) . 

In  the  intrinsic  theory  of  the  origin  of  such  echoes  ,  phonons  and  photons,  both 
at  the  same  angular  frequency,  0),  are  coupled  through  the  term  ysJE2  in  the  expansion 
of  the  crystal  free  energy  as  powers  of  strain,  s,  and  electric  field,  E.  The  inten¬ 
sity,  I  ,  of  the  echo  is  found  to  be  proportional  to  yz(DZI  I2,  where  Y  i»  the  coupling 
e  u  n 

parameter,  I  the  intensity  of  the  forward  travelling  ultrasonic  wave,  and  I  the 
u  3  “ 

intensity  of  the  (microwave)  photon  pulse.  Bajak  later  showed  that  this  type  of  u>-(i) 
phonon  echo  is  a  special  case  of  the  more  general  interaction  involving  2  phonons  and 

N  photons,  coupled  weakly  through  a  non-linearity  of  the  pure  crystal  lattice. 

2 

By  contrast,  Shiren  et  al  suggested  that  the  presence  in  the  crystal  of  strongly 
coupled  impurities  might  give  rise  to  non-linear  dispersion  and  absorption  which  could 
be  equally  effective  in  coupling  phonons  and  photons.  The  dependence  of  the  echo 
intensity  on  Iu  and  1^  would  not  be  the  simple  form  predicted  by  Fedders  and  Lu,  but 
would  be  a  complicated  expression  depending  on  the  precise  characteristics  of  the 
defect.  In  addition,  a  three-pulse,  or  "storage”  echo,  might  be  observed. 

In  our  experiments  the  specimen  was  contained  wholly  within  the  microwave  cavity, 
which  was  immersed  directly  in  liquid  he  11  van  at  1.25  K  to  minimise  acoustic  attenua¬ 
tion  in  the  sample.  The  two  exciting  pulses  had  lengths  typically  of  200  nsec  and  a 
separation  of  1-10  Msec.  Microwave  powers  up  to  1  kw  could  be  obtained  from  a 
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Litton  624  travelling  wave  tube  amplifier,  and  a  second,  low  noise  TWTA  (MO  valve 
■mj30)  preamplified  the  echo  before  its  detection  with  a  self  oscillating  Gunn  diode 
mixer. 

The  intensity  of  the  echo  was  measured  as  a  function  of  the  power  levels  of  the 
two  exciting  pulses ,  which  determined  I  and  I  .  Typical  results  are  shown  in 

U  ZB 

figure  1.  At  low  powers  and  with  exciting  pulses  no  longer  than  about  200  nsec, 

LiTaOj  fitted  the  intrinsic  model  very  well.  Below  a  slight  flattening  at  high 

powers,  the  dependence  on  Im  was  closely  quadratic,  and  that  on  1^ (not  shown)  linear. 

In  addition,  the  pulse  shape  of  the  echo  was  the  predicted  trapezoid.  He  estimated 

the  coupling  constant  y  to  be  about  10  8  F  m”1 2 3 4;  more  details  are  published  else- 
h 

where. 

LiNbOj  behaved  similarly,  but  with  a  considerably  broader  region  of  curvature. 
Indeed,  the  dependence  of  1^  on  1^  hardly  reached  the  linear  regime  in  the  range  of 
powers  that  were  accessible  (figure  1) .  The  origin  of  the  curvature  is  not  under¬ 
stood  since  such  power  levels  should  still  be  in  the  small  signal  limit  considered  by 
PWdders  and  Lu.  It  is  possible  that  some  additional  channel  which  couples  u>  photons 
and  (i)  phonons  and  removes  energy  from  the  to  echo,  could  exist  within  Bajak's  model. 

The  echo  obtained  in  Bi.  S10  had  a  totally  different  power  dependence 
12  2  0 

(figure  1)  which  could  not  be  fitted  to  any  simple  functional  form.  The  dependence  of 
the  echo  on  the  pulse  separation  also  showed  anomalous  behaviour  (figure  2) .  Unlike 
those  for  LiTaOj  and  LiNbOj,  the  curve  did  not  fit  a  single  exponential  but  appeared 
to  consist  of  a  rapid  decay  superimposed  on  a  much  more  gradual  slope.  Since,  even 
qualitatively,  Bij2SiOzc  behaves  in  so  different  a  manner  to  LiTaO,  and  LiNbO,,  it  is 
tempting  to  suggest  that  our  sample  is  behaving  extrinsically.  However, no  3  pulse 
echo  has  yet  been  observed. 

We  are  grateful  to  the  Science  Research  Council  (London)  for  support. 
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DIPOLAR  FIELD  FLUCTUATION  EFFECTS  ON  PHONON  ECHOES  IN  PIEZOELECTRIC 
POWDER 

S.  Yoshikawa  and  T.  Kimura* 

Technological  Univ.  of  Nagaoka,  Itagaoka,  Niigata,  Japan 
*Muaashino  Electrical  Cam.  Lab.,  N.T.T.,  Musashino,  Tokyo,  Japan 

ABSTRACT:  One-shot  phonon  echo  in  piezoelectric  powder  was  studied  in  order 
"to  simplify  the  experimental  condition  and  clarify  the  basic  mechanise  on 
this  phenomenon.  One-shot  phonon  echo  is  observed  by  the  application  of  the 
single  sequence  of  the  incident  electric  pulses.  The  one-shot  two-pulse  echo 
was  observed  to  have  relaxation  characteristics  with  the  function  of 
exp(— ) -  The  dynamic  relaxation  is  clarified  to  originate  in  the  effect  of 
the  local  field  fluctuation  in  a  large  number  of  the  oscillating 
piezoelectric  particles. 


1.  EXPERIMENTS.-  LiNbOg  and  LiTaOg  powder  with  74-88  pm  center  grain  size  was 
dehumidified  at  2S0°C,  enclosed  into  0.1  Pa(10~5  Torr)  glass  tubes  with  a  diameter 

7 

15  mm.  The  number  of  particles  were  about  10  .  The  echo  signal  measurements  were 
made  by  using  a  transient  recorder,  which  can  sample  a  real  time  signal  at  a 
rate  of  8  bits/0.2  jis,  and  carries  out  the  one-shot  echo  observation.  The  relation 
between  the  incident  two-pulse  separation  and  the  observed  two-pulse  echo 
hight  was  studied.  Furthermore,  the  relation  was  measured  as  a  function  of 
the  driving  frequency.  The  three- pulse  echo  characteristics  were  also  measured 
in  the  one-shot  experiment. 

2.  RESULTS.-  The  measured  relation  between  T  and  e,  is  shown  to  Fig.  1 .  This 

^  2 

result  indicates  that  the  observed  relation  is  expressed  as  e2-«exp(-4lT  )• 

Coefficient  d.  changes  as  the  driving  frequency  f  changes.  The  relation 

2 

between  ei  and  f  is  shown  to  Fig. 2.  Figure  2  indicates  that  (X f  .  On  the 
contrary,  three-pulse  echo  e3  characteristics  are  quite  different  from  those 
for  e2>  The  one-shot  experimental  results  are  shown  in  Fig. 3.  Figure  S  indicates 
that  the  decay  of  «3  does  not  depend  on  the  driving  frequency.  It  also  suggests 
that  the  erne- shot  phonon  echo  has  long  life  ttoe,  as  has  been  observed  to  the 
ordinary  experiment.  Further,  the  mechanism  for  the  decay  behavior  in  the 
one-shot  two- pulse  echoes  originates  to  the  quits  different  mechanism  Aram  that 
for  e3< 

3.  DIPOLAR  FIELD  FLUCTUATION  MICH  ANION .  -  The  two- pulse  echo  decaywfth  the 
function  of  exp<-  2),  where  «(•«  f*.  suggests  that  the  pbeweo  echo  to 
piesoelectric  powder  possibly  has  a  similar  mechanism  to  that  of  spin  sshs*. 
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In  the  present  study,  a  dipolar  field  fluctuation  mechanism  is  assumed  and 
developed  on  the  basis  of  the  torque  rotation  and  the  dipolar  field  models. 

For  the  particle  with  resonant  frequency  fl  ,the  angle  6  between  the 
incident  pulse  field  and  the  induced  dipolar  orientation  is  given  by  the 

3 

following  dynamic  equation  . 

G  ♦  re  -  i  Fct.fDsinGcosO 

-  FCt,n.Xsin6oC0S0o  +  0GOS20.  )  (l) 

where  F(t,ft)  is  the  force  associated  with  the  induced  dipole  oscillation,  and 

is  the  initial  orientation.  It  is  considered  that  the  second  force  is  small 

because  .through  the  one-shot  experiment  within  the  interval  in  the  order 

of  "it"  ,  displacement  0  is  not  expected  to  reach  a  value  which  definitely 

changes  the  orientation  of  the  induced  dipolar  field.  Furthermore,  the  force  is 

not  always  known  to  excite  the  particle  positively,  together  with  the  local 

dipolar  field,  because  any  values  of  the  initial  orientation  6^  may  be  possible 

in  powder  system.  Therefore,  the  second  excitation  is  assumed  to  be  stationary 

Gaussian  or  a  kind  of  noise.  According  to  this  assumption,  the  displacement  6 

is  divided  into  two  components,  0^  and  86  .  They  are  derived  from  the  first  and 

the  second  forces  given  in  Eq.l.  Component  86  is  defined  to  be  the 

fluctuated  angle  caused  by  the  noise.  Fluctuated  angle  SB  is  assumed  to  be 

independent  on  6f  and  a  random  variable.  These  two  variables,  86  and  S6  , 

are  assumed  to  be  independent  from  time.  The  fluctuating  effect  also  induces  the 

fluctuation  <sa  en  the  angular  moment.  This  process  is  ■  Markoff  process.  The 

a 

conditional  probability  density  is  given  by 

&CSB, SB)  - C «tp{- ( $0*  +  y* Fct^n.)cos2©.)j  <2> 

where  C  is  the  coefficient, and  W  is  the  noise  power.  From  fluctuation  for 
the  angular  moment  ,  the  expected  dipolar  field  strength  is  derived  as  follows. 

50  *<rCySekp(-j^t*-^)srn«ft 

x  other  term  dependent  on  Q  and  0,  •  (3) 

If  l/iwr  »  1/T2  .where  T2  is  the  intrinsic  relaxation  constant,  is  satisfied  in 
LiNbOj  end  LiTaOg  powder,  decay  with  function  exp(-  t2/iwr  )  is  realised. 
Therefore,  coefficient c( ,  observed  in  the  present  experteent,  can  be  defined 
to  be  oC  *  1/IW  .  This  theoretical  result  further  explains  the  dependence 
of  oton  driving  frequency  f.  The  relevant  moment  of  inertia  I  is  given  by 
l  f  d2,  where  P  is  the  averaged  grain  density  and  d  is  the  diameter.  The 
pi— nshirtrlr  resonant  condition  has  bean  observed  to  be  f  **  l/d,  as  reported  in 
Ref. I<  The  observed  relation  of  OCww  f2  is  explicitly  explained  by  these 
physical  relations. 


C6-875 


In  summary,  it  is  concluded  that  a  large  number  of  dipoles,  which  are  caused 
by  induced  piezoelectric  oscillation,  should  be  considered  in  the  light  of 
dipolar  field  fluctuation.  The  effect  like  this  short  time  fluctuation  mechanism 
is  further  expected  to  explain  the  real  complicated  phenomena  on  phonon  echoes 
in  piezoelectric  powder. 
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ATTENUATION  OF  A  STATIC  POLARIZATION  ECHO  BY  4He  FILM 

*+  •  •  •• 

M.  Poirier  ,  J.D.N.  Cheeke,  P.  Morisseau  and  A.  Hikata 

*D4partement  de  Physique,  University  de  Sherbrooke,  Sherbrooke,  Prov.  Quebec, 
Canada,  J1K  2R1 

**Brovm's  University,  Providence,  R.I.,  U.S.A. 

Abstract.  -  He  have  aeasured  bp  the  phonon  echo  technique  the  attenuation  of 
an  adsorbed  4He  fils  on  silica  powder  against  pressure  at  35  MHz  and  low  tem¬ 
peratures.  The  attenuation  curves  present  the  typical  shape  of  a  multilayer 
adsorption  isotherm  of  type  II  according  to  the  BET  classification.  Because 
of  relatively  high  RF  power  no  onset  of  superfluidity  has  been  observed  in 
these  films.'  The  attenuation  decreases  with  temperature  following  the  normal 
viscosity  and  thermal  conductivity  contributions  to  the  ultrasonic  absorption 
by  4He. 


1.  Experiment .  -  SiOj  powder  (4  -  70  pm)  is  introduced  in  a  copper  capacitive  cell 
to  which  we  apply  a  sequence  of  three  BP  pulses  (f  *  35  MHz)  supplied  by  a  Matec 
6600  pulse  modulator  and  receiver.  The  first  two  pulses  (15  usee  separation  time 
and  2  usee  width)  produce  the  dynamic  polarisation  echo  02  and  the  third  pulse,  the 
static  polarization  (or  memory)  echo  e3  when  it  is  applied  a  long  time  after  the 
first  two  1 .  Because  of  stability  the  memory  echo  has  been  chosen  for  monitoring 
the  attenuation  produced  by  an  adsorbed  4 He  film  on  the  individual  particles.  The 
film  is  bu^lt  up  when  4Be  gas  is  admitted  in  the  capacitive  cell.  4he  attenuation 
is  measured  by  a  Matec  attenuation  recorder  as  a  function  of  the  cell  gas  pressure 
for  different  twspersturea. 

The  adsorption  isotherm  meaauresMnt  is  done  with  13  g  of  M8j  powder  In  a 
Copper  cell  of  11  cm3  volume.  By  admitting  precise  amounts  of  4 Be  gas,  the  volume 
adsorbed  by  the  powder  is  obtained  by  measuring  the  pressure  variation  in  the  cell. 
The  adsorption  isotherm  is  obtained  by  plotting  the  total  voUmm  adsorbed  am  a 
function  of  the  cell  equilibria*  pressure  which  takes  a  few  minutes  (3  -5)  to  esta¬ 
blish  for  both  aeaaursstents. 

♦ 

2.  Results.  -  The  attenuation  curves  obtained  for  different  tsmpetetures  are  pre¬ 
sented  in  Figure  1.  They  are  the  result  of  an  adsorbed  4He  film  od  the  individual 
particles  and  not  an  effect  of  gas  loading  leases  which  would  give  a  linear  varia¬ 
tion  with  pressure  2.  In  Figure  1,  there  is  first  a  rapid  Increase  of  attenuation 
for  p/p0  <  0,1,  than  a  flattening  up  to  0,7  and  a  rapid  increase  when  saturation 
pressure  is  approached. 

An  example  of  an  adsorption  iootborn  of  4Ie  on  the  same  pdwBdt  Is  shown  in 

*  Permanent  address  t  Conseil  National  da  Rechercha  du  Canada,  I CM,  750  rue  Bel-Air, 
Montreal,  Prov.  QuBbec,  Canada,  HAC  2E3 
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Figure  2.  Because  of  small  specific  surface  of  adsorbent,  residual  gas  effects  con¬ 
tribute  to  the  adsorbed  volusm  especially  at  low  pressures  and  high  temperatures. 


s  Attenuation  variation  of  memory  Fig.  2;  Adsorption  Isotherm  of  4He: 
echo  versos  relative  cell  pressure  of  'is  adsorbed  volume  at  STP  per  g  of  adsorbent . 

3.  Discussion.  -  By  comparing  attenuation  and  adsorption  Isotherm  results  we  con¬ 
clude  that  we  are  really  measuring  the  attenuation  produced  by  the  adsorbed  4 Be 
film  on  the  individual  particles.  According  to  the  classification  of  adsorption 
isotherms  of  BBT3  our  results  show  evidence  of  multilayer  adsorption.  There  is 
first  at  p/p0  <0,1  completion  of  the  first  <or  two)  monolayer  compressed  in  the 
van  der  Waals  field  of  the  substrate  which  gives  a  rapid  Increase  of  attenuation 
and  also  volume  adsorbed.  Up  to  p/p0  -0,7  the  completion  of  the  first  normal 
monolayer  proceeds  showing  a  flattening  and  for  p/p0  >0,7  multilayer  formation  is 
going  on  with  a  fast  increase  in  attenuation  and  volume  adsorbed.  At  saturation 
pressure,  liquefaction  occurs:  attenuation  is  maximum  and  volume  adsorbed  goes  to 
•.  According  to  the  slab  theory  of  FBH4  the  volume  adsorbed  should  be  a  linear 
function  (alopa  -  1/3)  of  In  (p0/p)  on  a  log-log  scale  when  multilayer  formation 
proceeds.  One  may  verify  that  it  la  Indeed  the  case  by  looking  at  Figures  3  and  4 
where  such  plots  have  been  done  for  both  sets  of  reeults.  The  date  align  fairly 
well  along  the  line  -  1/3  with  a  alowar  approach  for  adsorbed  volume  because  of  gas 
ef facta  at  lew  pressures. 

In  Figure  1,  the  attenuation  decreases  with  temperature  which  la  the  usual 
variation  associated  with  the  normal  viscosity  and  thermal  conductivity  contribu¬ 
tions  to  tbs  ultrasonic  absorption  5.  Ho  onset  of  superfluidity  is  observed  in 
these  films  because  too  much  IF  power  is  needed  in  phonon  echo  experiment.  In  fi¬ 
gure  2  adsorbed  volume  ie  mot  only  a  film  effect  but  there  is  a  contribution  from 
residual  gas  which  will  be  discussed  in  a  later  paper. 


C6-878 


JOURNAL  DE  PHYSIQUE 


Fig.  3:  Attenuation  variat ion  versus 
In  (p0/p)  on  a  log-log  scale. 


Pig.  4:  Volume  adsorbed  per  g  at  STP 
versus  In  (pQ/p)  on  a  log-log  scale. 


In  conclusion,  we  have  shown  that  an  adsorption  isotherm  nodal  proceeding 
from  a  multilayer  formation  explains  our  phonon  echo  attenuation  results.  It  shows 
that  such  »•  technique  may  be  used  CO  monitor  the  adsorption  isotherm  of  4 He  at  low 
temperatures  with  an  interesting  sensitivity  to  detect  monolayers. 


This  work  was  supported  by  the  Natural  Science  and  Bt^ineerlng  Research 
Council  of  Canada  and  the  G.R.S.D.  (Groups  da  Recherches  but  lea  aamiconductsurs  et 
lea  Dldlectriquea) . 
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OH  THE  POSSIBLE  USE  OF  OPTICAL  ROTATION  MEASUREMENTS  FOR  DETECT I N6 
WEAKLY  IR  ACTIVE  MODES 

V.C.  Salmi 

400^08$  ^Zn&ia  Bhabha  Atonic  Research  Centre,  Trombay,  Bombay 


Abstract ZB  activity  of  normal  aodes  of  a  cryatal  ia  usually 
investigated  through  reflection  or  transmission  measurements, 
to  propose  hero  another  way  which  ahoald  bo  useful  for  studying 
■odes  of  weak  IB  activity.  The  method  involves  measuring  the 
rotation  angle  0,  of  the  plane  of  polarisation  of  a  aonoohro- 
aatlc  bass  of  frequency  to  ,  as  the  beam  traverses  a  ozy  stal  of 
thickness  d.  By  studying  0  as  a  function  of  incident  frequency 
toons  would  observe  a  'resonance*  olose  to  each  IB  active  fre¬ 
quency  «Cl  .  Tbs  method  would  be  feasible  if  there  is  appre¬ 
ciable  transmission  of  the  be as  that  is  the  oscillator  strength 
of  the  sods  is  snail.  We  suggest  a  system,  namely,  LiXSO*, 
where  this  idea  could  be  applied.  In  particular  we  disousa  haw 
the  symmetric  stretching  nods  of  SO*  which  is  IB  inactive  for 
a  free  ion  but  is  weakly  IB  active  in  this  cryatal,  could  be 
investigated  using  different  wavelengths  of  a  CO2  lower. 
Potentiality  of  the  proposed  technique  for  investigating  phase 
transitions,  wherein  certain  Baana  active  aodes  acquire  weak  IB 
activity  across  the  transition  are  nentioned. 


1.  Introduction.-  The  infra-red  (IB)  activity  of  long  wave¬ 
length  aodes  of  a  crystal  is  traditionally  investigated  via  the 
first  order  process  involving  refleotisn  or  transmission 
asasursaents,^’2  and  a  wealth  of  data  has  been  accumulated  in 
this  way.  Here  ws  propose  another  way  of  detecting  weakly  IB 
active  aodes.  The  aethod  involves  monitoring  the  rotation  0  of 
the  plane  of  polarisation  of  a  monochromatic  beam  of  frequency 
m (as  it  passes  through  a  crystal)  as  a  function  of  c£  .  Prom 
the  resonances  which  will  be  exhibited  by  this  function  it 
should  be  possible  te  infer  the  XB  dispersion  frequencies.  Ve 
will  outline  the  physleal  basis  Sf  the  aethod  in  section  2  and 
also  point  out  the  eirouantsnoes  when  the  technique  would  be 
feasible.  A  possible  test  oaoe,  she re  the  ldfes  suggested  here 
oould  he  applied,  is  Aleoussed  in  section  3  and  osrtsln  remarks 
am  asde  regarding  the  utility' of  this  technique  in  invdetiga- 
ting  certain  phase  transitions. 


2. 
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polarisation  of  a  plans  polarised  beam  in  traversing  a  medium,  oan 
occur  even  for  a  medium  whose  real  dielectric  tensor  is  lsotronlo. 
purely  on  aooount  of  sf foots  of  spatial  dispersion3.  Boro  and  Bussg 
have  shown  that  this  effect  oan  cause,  in  a  crystal  otherwise  free 
from  double  refraotion,  the  right  and  left  oiroularly  polarissd  beams 
to  travel  with  differing  phase  velocities.  Sinoe  a  plans  polarissd 
beam  can  be  expressed  as  a  superposition  of  two  such  oiroularly 
polarised  beams,  the  above  difference  in  phase  velocities  results  in 
a  rotation  of  the  plane  of  polarisation  as  the  beam  traverses  the 
medium.  One  oan  show**  that  even  for  uniaxial  crystals  whan  the  bean 
propagates  along  the  unique  axis  similar  considerations  hold,  and 
farther  the  rotation  angle  0  is  related  to  9  through 

0  «(?.£)  d  (1) 

where  3  is  the  gyration  vector,  k  a  us it  vao^er  along  tba  beam  direc¬ 
tion  and  d  is  the  ttyickneee  of  the  oxyetal.  fhs  ealeolation  of  the 
gyration  venter  <£  require e  one  to  calculate  the,  wave  vector  dependence 
of  dleleotrio  susceptibility  f  that  is  offsets  of 

spatial  dispersion  have  to  be  Incorporated*  explicit  calculations 
have  bass  performed3  (without  laolmdlpg  the  damping  effeots)  for  the 
rigid  Ion  model  esse*  It  emerges. that  the: leading  (linear)  ? 
dependenoe  origlnmtei  from  «he  ifm«intty  part  «J^  («&,  »)  (of 
(  X ,  w  )  ),  which  is  an  antlayanetrlo  tenaor,  and  the 
oo ap onsets  of  gyration  vector  ?  are  defined  through  . 

a  w  <t*Y  (  ?,  *)  «  -"h*  (%  ,  «),  Caj 

(  *•  >  P  .  1  are  oyolle  order  of  1,2,3) 
Within  the  limit  of  negligible  damping,  one  oan  write  a  somewhat  more 
genera),  form  (than  for  the  rigid  ion  model)  for  the  gyration  vector  7 
and  this  turns  put  to  be 


^  *  -i 

V*  }  7\ 

.....  ...  •.  ... 

to /f  Born  sod  thing*  #  ^44.69 )  j  where  $  (})  if  the  dipole  moment  of 
Ihe  LWt^m^lo  amt  wfy)  "its  dispersion  ffcetmongr.'  (for  So  ZK  inac¬ 
tive  node  ?  ( j>)  •  0,  "hence  1  gerlvea  eoaiributlbn  only  from  01 
active  modes)  .  ft  (  fry' )  involves  the  eigenvectors  of  the  die- 
perstCaosoimtoxU  j  sad  I  thd  ihiUilt?8l hi  sf  the 

dymaansUl  aatrix  -  sxshudisg  ^treeeopia  fiilt  Wor^  v.M.  at$w 
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Upon  using  equation  (3)  In  equation  (1)  «•  find  that  If  we  study 
the  <o  dependence  of  the  rotation  angle  0 ,  then  It  would  shoe  resonances 
close  to  each  dispersion  frequency.  In  this  way,  by  experimentally 
Measuring  the  rotation  of  plane  of  polarisation  of  a  mo no chromatio 
beast  of  frequency  (0  the  dispersion  frequencies  of  IS  mot  Its  modes  can 
be  located.  Of  course,  it  Is  obvious  that  for  the  method  to  be  prac¬ 
tical,  Ihe  transmission  of  the  beam  should  be  appreciable.  This  means 
that  the  method  would  be  feasible  only  for  modes  of  rather  weak  IB 
activity.  However,  the  important  point  to  note  is  that  resonant  charac¬ 
ter  of  0  as  a  function  of  (0  holds  even  for  modes  of  weak  aotlvity,  and 
hence  the  method  could  be  useful  in  their  study  provided  the  atte nua- 
tion  coefficient  is  sqy  £  50  cm"1. 

3.  Jest  Case  and  Utility.-  A  testing  ground,  whew  -Hie  technique 
suggested  in  this  paper  could  be  tried,  is  provided  by  the  system 
LiKSO^.  This  is  a  crystal  belonging  to  the  symmetry  at  room  tempera¬ 
ture  and  there  are  two  molecules  per  unit  cell.  In  the  free  ion  state 
we  know  that  the  symmetric  atretohing  mode  is  IB  inactive.  In  LiKBO^ , 
however,  because  one  of  the  oxygen  atoms  le  inequlvalent  compered  to 
other  three,  this  mode  too  acquires  IB  activity.  Of  course,  the  IB 
aotlvity  la  expected  to  be  extremely  weak  and  eo  the  present  » tbod 
could  be  tried,  from  Brnmmn  measurements  it  is  known  that  the  frequency 
of  this  mode  Ilea  at  1006  am**1.  A  convenient  source  of  monoohromat la 
radiation  would  then  be  a  CQ^  laser  which  offers  several  wavelengths 
lying  in  the  range  9600m**1  to  1060  cm**1.  The  beam  could  be  made  to  pass 
along  the  unique  axis  of  the  crystal,  whose  faoee  are  out  so  as  to  be 
normal  to  the  unique  axis.  By  monitoring  the  rotation  angle  0  as  a 
function  of  io  one  oan  see  whether  XB  aotlvity  of  the  mode  oan  be 
established  in  this  way. 


If  this  technique  proves  ftaslbl#  the n  ons  oould  employ  it  to 
study  phase  transitions  wherein  the  inversion  symmetry  is  loet/aoqulred 
across  the  transition  point.  Often  in  such  oases  certain  gamin  active 
modes  loss/aoquite  IB  aotlvity  but  the  effeets  are  rather  weak.  In 
suoh  situations,  when  the  vibrational  frequency  is  already  knows  from 
Baamn  iatt,  to  establish  whether  the  acquisition  of  IB  activity  by  the 
mode  has  ooearred  or  mot  could  be  ascertained  by  the  proposed  technique. 


2. 


0.  TeakataraaSa,  I.A.  Veldhamp  sad  T.O.  Sahni, 
Crystals  (XXI  Frees,  Cambridge,  Mass)  1975* 


9.  Baf .  1  Appendix  IX  and  Chapter  Til. 
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LATTICE  DYNAMICS  OF  CUPRITE  (Cu20) 

G.E.  Kugel,  C.  Carabatos  and  U.  Kress* 

University  of  Metz,  57045  Meta,  France 
*Max-Flanok-Inetitut  filr  FestkOrperforeohung,  7000  Stuttgart,  F.R.G. 

Abstract.  -  The  phonon  dispersion  curves  of  CUjO  have  been  calculated  using 
a  shell  model  which  takes  into  account  nearest  neighbour  O-Cu,  Cu-Cu  and 
0-0  interactions,  long  range  Coulomb  interactions  and  the  electronic  pola¬ 
rizability  of  both  the  oxygen  and  the  copper  ions.  The  results  are  compared 
with  the  data  obtained  from  ultrasound,  infrared,  Raman  and  inelastic  neu¬ 
tron  scattering  measurements.  The  interrelations  between  fcc-Cu  and  Cu20 
are  pointed  out  and  the  influence  of  deformations  of  the  electronic  charge 
density  on  the  phonon  dispersion  curves  is  discussed. 

Introduction. -  For  many  years  the  extremely  rich  excitonic  spectra  of  cuprous  oxi¬ 
de  have  attracted  considerable  interest  in  the  electronic  properties  of  this  com- 
1  2  3 

pound  .  Up  to  now  only  very  few  attempts  '  have  been  made  to  calculate  the  phonon 
dispersion  curves  and  thus  to  give  a  unique  Interpretation  of  the  different  phonon 

frequencies  deduced  from  recent  ultra  sound Raman  scattering5'6,  exciton  lumines- 

7  8  2 

cence  and  inelastic  neutron  scattering  measurements.  The  calculation  of  Huang  is 

restricted  to  the  r -point  whereas  the  model  of  Carabatos  which  gives  a  quite  satis¬ 
factory  description  of  the  optical  modes  at  the  zone  center  does  not  reproduce  the 
elastic  and  dielectric  properties  and  shows  serious  disagreement  with  the  neutron 
scattering  data,  in  particular  a  softening  of  the  acoustic  branches  at  the  R  point. 
In  this  paper  we  show  how  the  model  has  to  be  extended  and  modified  in  order  to 
overcome  the  above  mentioned  deficiencies. 

Cuprite  crystallized  in  a  simple  but 

uncommon  structure  which  belongs  to  the  non 

4 

symmorphic  space  group  and  can  be  consi¬ 
dered  as  being  made  out  of  two  interpenetra¬ 
ting  Bravais  lattices:  a  fcc-Cu  lattice  and 
a  bcc-o  lattice  (Fig.  1).  Bach  oxygen  is 
the  center  of  a  regular  tetrahedron  the  cor¬ 
ners  of  which  are  occupied  by  the  four  nea¬ 
rest  neighbour  cu  ions.  The  unit  cell  con¬ 
tains  two  formula  units  of  Cu^O. 

At  the  center  of  the  Brillouin  zone 
the  normal  vibrations  of  Cu^O  decompose  into 

3ri5>+‘25>+r’l2)+r,21,+r,25)  **«•  l"  CrY*t*Uin«  structure  of  CUjO. 
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where  the  two  optic  modes  are  infrared  active  and  only  the  P £  node  iB  Raman  ac¬ 
tive.  In  contrast  to  the  poor  first  order  ordinary  Raman  spectrum  which  exhibits 
only  one  mode  all  odd-parity  phonons  can  be  observed  in  resonant  Raman  (RR)  scatte¬ 
ring  on  exciton  lines.  For  a  long  time  the  interpretation  of  the  RR  spectra  has 
been  highly  controversial.  At  present  the  different  lines  are  well  understood  in 

terms  of  quadrupolar  and  dipolar  transitions  and  specific  polarization  selection  - 
9 

rules  have  been  derived  . 


Lattice  Dynamics.-  The  phonon  dispersion  curves  up  to  phonon  energies  of  about 

5THz  have  been  measured  in  the  high  symmetry  directions  A, £  and  A  at  room  temperatu- 
g 

re  by  Beg  and  Shapiro  .  Some  complementary  measurements  in  the  intermediate  energy 
region  between  4  and  lo  raz  have  been  performed  by  ourselves  in  order  to  determine 
the  branches  connected  to  the  T 1 ^  mode.  The  results  of  the  neutron  scattering  mea¬ 
surements  are  represe  ted  in  Fig.  2  together  with  our  model  calculations. 

In  the  following  we  will  discuss  the  different  parameters  of  the  model.  First 

of  all  we  take  into  account  the  nearest  neighbour  O-Cu  interactions.  These  interac- 

3 

tions  which  have  already  been  used  in  the  rigid  ion  model  of  Carabatos  and  Prevot 
are  most  important  and  have  to  be  considered  in  any  model  for  Cu20.  This  can  be  con¬ 
cluded  from  band  structure  calculations10 
which  reveal  a  strong  hybridization  of 
the  Cu  3d  orbitals  with  the  O  2p  states. 

This  hybridization  favours  the  cuprite 
structure  and  stabilizes  the  copper  te- 
trahedra  around  the  oxygen  ions.  The  im¬ 
portance  of  the  Cu-O  interactions  is 
also  indicated  by  the  high  frequnecy 
(15.45  THz)  of  the  Raman  active 
mode  in  which  the  oxygen  is  displaced 
with  respect  to  the  rigid  copper  tetra¬ 
hedron.  In  a  rigid  ion  model  this  mode 
determines  directly  the  force  constant 
for  the  central  O-Cu  interaction.  The 
second  mode  which  is  strongly  dependent 
on  the  O-Cu  force  constants  is  the 
vibration  which  corresponds  to  an  iso¬ 
tropic  deformation  of  the  copper  tetra¬ 


hedron.  Naturally  this  mode  is  also  in¬ 
fluenced  by  the  Cu-Cu  interactions  which 
we  now  discuss.  It  is  interesting  to  note 


Fig .  2 .  Phonon  dispersion  curvss  in  Cu¬ 
prite  (eiref.8;  □:  our  measurements: 
•optical  data) .  The  full  lines  are  the 
shell  model  calculations. 


a 

that  the  elastic  constant  c. .  scaled  by  the  mass  densities  of  Cu  and  Cu-O  is  the 

11  1  • 
same  in  both  crystals  whereas  the  shear  constants  2*cll~c12^  41,(1  C44  are  considerab¬ 


ly  lowered  in  the  oxide.  This  means  that  the  1A  and  the  lowest  l£>  branch  in  the  10O 


direction  are  basically  due  to  the  same  interactions  as  in  metallic  copper.  It  is 
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therefore  essential  to  take  into  account  the  nearest  neighbour  Cu-Cu  interactions 
and  to  take  care  of  the  fact  that  the  Cu-Cu  interactions  in  Cu^O  are  split  into 
two  distingt  families.  In  the  first  family  the  Cu-Cu  forces  act  together  with  nea¬ 
rest  neighbour  Cu-O-Cu  forces  which  are  missing  in  the  second  family.  It  should  be 
mentioned  that  it  is  not  the  Cu-Cu  interaction  itself  which  stabilizes  the  frequen¬ 
cies  in  the  I  and  A  directions  and  in  particular  at  the  R-point,  but  the  fact  that 
the  force  constants  of  the  two  families  are  different.  Our  calculations  show  that 
the  considerable  lowering  of  the  shear  elastic  constants  in  CUjO  as  compared  to 
fee  Cu  is  due  to  strong  non  central  O-Cu  interactions  weak  nearest  neighbour  0-0 
interactions  and  a  strong  enhancement  of  the  interactions  between  those  Cu+  ions, 
which  are  linked  by  Cu-O-Cu  bindings.  The  large  value  of  the  dielectric  constant 
(6.46)  arises  from  a  substantial  electronic  polarizability  which  is  essen¬ 
tially  due  to  the  oxygen  ions.  Minor  contributions  arise  from  the  Cu+  ions.  In  our 
calculations  it  turns  out  that  the  shell  change  of  the  Cu+  ions  is  positive.  This 
indicates  a  strong  overlap  of  charge  density  near  the  Cu+  ion  which  is  also  indi¬ 
cated  by  the  band  structure  calculations.  The  dipolar  electronic  polarizability 
acts  mainly  on  the  polar  r|^  modes.  Band  structure  calculations  and  RR  scattering 
experiments  indicate  that  electronic  doionaations  of  other  than  dipolar  symmetry, 
in  particular  the  isotropic  deformation  of  the  charge  deneity  around  the  O  ions, 
may  become  important.  The  effect  of  an  isotropic  0  deformation  is  already  inclu¬ 
ded  in  our  calculations  since  it  corresponds  essentially  to  a  special  combination 
of  nearest  neighbour  force  constants  between  those  Cu-O-Cu  bonds.  The  large  values 
found  for  the  Cu-Cu  coupling  constants  X  and  6  for  the  first  family  support  these 
ideas. 

Conclusions.  -  With  our  model  a  realistic  calculation  of  the  phonon  density  of  sta¬ 
tes  and  the  specific  heat  will  be  possible.  The  inclusion  of  the  scattering  matrix 
elements  will  give  the  RR  spectra .  Investigations  of  the  pressure  dependence  of  the 
RR  spectra  are  in  progress  and  will  yield  the  third  order  enharmonic  contributions 
to  the  lattice  potential. 
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TIME  REVERSAL  SYMMETRY  AND  THE  RAMAN  SCATTERING  BY  CRYSTALS 
A.K.  Randan  and  S.  Rodriguez 

Department  of  Physics,  Purdue  University,  Vest  Lafayette,  Indiana  47907, 
U.S.A. 


Abstract.-  A  survey  of  the  effect  of  time  reversal  symmetry  on  the  phonon 
spectra  of  crystals  Is  presented.  The  linear  wave  vector  dependence  of  the 
dispersion  curves  of  the  zone  center  polar  modes  as  well  as  splitting  of 
shear  acoustic  modes  are  accessible  to  observation  In  the  Raman  and  Brlllouln 
spectra  of  selected  lines  In  suitable  crystals. 


In  perfect  crystals,  the  symmetry  of  the  lattice  Imposes  restrictions  on  the 
nature  of  the  normal  modes  of  vibration.  For  example,  phonons  of  Infinite  wave 
length  can  be  either  non-degenerate  or  at  most  doubly  degenerate  except  for  crystals 
belonging  to  one  of  the  five  cubic  classes  In  which  case.  In  addition  to  the  above, 
there  can  exist  triply  degenerate  phonons.  These  conclusions  for  these  modes  as 
well  as  their  eigenvectors  can  be  deduced  from  the  knowledge  of  the  symmetry  of  the 
crystal  and  the  content  of  Its  primitive  cell. 


In  addition  to  the  geometrical  sywnetry  operations  of  the  group  of  the 
crystal  under  Investigation,  the  equations  of  motion  of  the  atoms  (classical  or 
quantal)  are  Invariant  under  the  operation  of  time  reversal.  This  additional  re¬ 
striction  has  Interesting  consequences  for  the  dispersion  (dependence  of  the  fre¬ 
quency  of  the  phonons  on  their  wave  vectors  q)  of  the  normal  modes. 

Let  each  primitive  cell  of  the  crystal  be  denoted  by  a  translation  vector  n 
and  let  a  »  l,2,...3f  label  the  degrees  of  freedom  of  the  f  atoms  In  each  cell.  In 
the  harmonic  approximation,  the  equations  of  motion  of  the  displacements  una  from 
the  equilibrium  configuration  are 


-  [  C  , («-"') 

f  i  aa  no 


where  C  ,  (in  -  n' )  are  the  force  constants  and  the  mass  of  the  atom  associated 
with  thfc  a  degree  of  freedom;  translational  symmetry  requires  that  Cao,(n  -  n’) 
depend  only  on  i?  -  n'.  Furthermore  C  »(n  -  n')  Is  symmetric  In  a,a'  and  n,n* . 
The  propagating  solutions  of  these  equations  urfth  wave  vector  q  and  angular  fre¬ 
quency  «(q)  obey  the  eigenvalue  equation 

I,CCaa'^)  *  ^aa'1  V  “  0  ’ 

a 


m 
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where 

C  ,(q)  =  l  (M  M  ,)'1*  C  ,(n  -  n')exp  C-lq  •  (n  -  n')D  .  (3) 

n 

C(q),  the  dynamical  matrix.  Is  Hermltlan  and  positive  definite.  Time-reversal 
symmetry  Imposes,  in  addition, 

C*(-q)  -  C(q)  .  (4) 

1  2 

Pine  and  Dresselhaus  *  have  shown  that  this  requires  the  frequency  of  all  optical 
phonons  to  vary  quadratically  with  wave  vector  in  the  vicinity  of  q  =  0  with  the 
exception  of  the  doubly  degenerate  polar  phonons  of  crystal  classes  C3  C^.Cg.D^.D^, 
and  Dg  and  the  triply  degenerate  polar  phonons  of  crystals  with  point  group 
symmetries  T  and  0.  The  frequencies  of  these  phonons  vary  linearly  with  q  near 
q  *  0.  The  symmetry  groups  enumerated  above  possess  only  proper  rotations.  The 
presence  of  an  improper  operation  Is  sufficient  to  invalidate  the  possibility  of 
this  behavior. 

For  acoustical  phonons,  since  u(q)  tends  to  zero  as  q  *  0  and  the  eigenvalue 

p 

equation  (2)  gives  <•>  ,  solutions  for  all  crystal  classes  are  linear  In  wave  vector 
near  q  *  0.  However,  shear  acoustic  waves  propagating  along  the  optic  axes  of 
crystals  of  symmetry  C3,C^,Cfi,D3,D^,  or  Dg  and  along  the  (100)  or  (111)  directions 
of  crystals  of  classes  T  and  0,  corresponding  to  right-  and  left-  circular  polar¬ 
izations  have  different  phase  velocities.  This  gives  rise  to  the  phenomenon  of 

3 

acoustical  activity- 

Raman  and  Brlllouln  scattering  are  Ideal  techniques  to  Investigate  the  be¬ 
havior  of  phonons  described  above.  The  wave  vector  conservation  rule  establishes 
that  the  phonon  Involved  In  a  given  Inelastic  scattering  has  a  wave  vector  equal  to 
kL  for  right-angle  scattering  and  2  kL  for  back-scattering  where  tL  Is  the  wave 
vector  of  the  Incident  radiation.  The  energy  differences  between  the  different 
phonon  branches  Into  which  the  zone  center  polar  modes  splits  are  small  for  0  <  q  < 

2  kL.  This  necessitates  the  study  of  appropriate  narrow  lines  In  the  Raman  spectra 
requiring  temperatures  In  the  liquid  helium  range  and  high  resolution  spectroscopy 
with  a  Fabry-Perot  Interferometer. 

14  4  r 

Studies  on  suitable  Raman  lines  In  o- quartz  ’  ’  and  BI^GeOgg,  have  clearly 
demonstrated  the  above  phenomena.  The  latter  material  Is  cubic  with  point  group 
symmetry  T.  The  three-fold  degenerate  polar  optical  phonons  at  q  *  0  are  split 
Isotropically  according  to  an  effective  Hamiltonian  Interaction  of  the  form 

H'  ■  Ai$  •  t  ,  (5) 

where  A  is  a  phenomenological  constant  and  I  the  angular  mommntum  matrix  for  wit 
spin.  In  addition  one  must  take  account  of  the  splitting  of  such  triply  degenerate 
phonons,  even  for  $  ♦  0,  into  longitudinal  and  transverse  optical  branches.  Further 
verification  of  the  1 lnear-3  effects  Is  provided  by  studies  of  the  polarization 
features  of  the  Raman  spectra  In  the  absence  and  presence  of  an  applied  uniaxial 
stress.  Phenomenological  constants  describing  the  linear-^  (e.g.,  the  constant  A  in 
Bl^teOjg)  and  the  stress  dependence  have  been  obtained  from  such  Investigations.4’5 
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We  note  that  In  the  presence  of  a  magnetic  field,  5,  time  reversal  symmetry 
breaks  down  unless  the  time  reversal  operator  Is  applied  also  to  the  sources  of  the 
magnetic  field.  Then,  Instead  of  Eq.  (4)  we  have 

e*(-q.  -S)  -  C(5,«)  .  (6) 

A  theoretical  study  of  the  effects  of  a  magnetic  field  on  the  phonon  modes  of 

-*■  6 
crystals  at  q  ■  0  has  been  carried  out  by  Anastassakis  et  al .  The  consequences 

regarding  llnear-S  dependence  of  phonon  frequencies  are  similar  to  those  for  the 

llnear-q  dependence  discussed  above,  but  occurs  In  a  larger  number  of  crystal 

classes.  In  general  the  changes  In  phonon  energies  due  to  the  presence  of  a  magnetic 

field  are  small.  However,  If  an  interaction  of  the  resonant  type  occurs,  l.e..  If 

there  are  magnetic  and  phonon  excitations  of  the  crystal  having  approximately  equal 

energies,  the  effects  can  be  large.  This  Is  Illustrated  In  the  work  of  Schaack^  on 

rare  earth  compounds. 

Finally,  an  Interesting  case  of  llnear-q  dependence  of  phonon  frequencies  In 
helical  chains  has  been  Investigated  by  Imaino.8  In  a  model  study  he  exhibited  the 
linear  dependence  of  doubly  degenerate  optical  phonons  In  linear  helical  chains  con¬ 
taining  three  atoms  per  turn  with  equal  force  constants  between  the  first  three 
nearest  neighbors. 
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THE  PHONON  ANOMALY  IN  b.c.c.  He4  :  A  PHONON  SELF-TRAPPING  ? 

M.  Htritier 
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Prana* 


4 

Abstract.-  It  is  proposed  that  a  longitudinal  phonon  in  b.c.c.  He  ,at  wavevec- 
tor  j$|  =*2.3  X-1  can  be  self-trapped  In  a  liquid  drop  and  fora  a  roton-like 
excitation.  This  can  account  for  anomalies  observed  in  the  phonon  spectrum, in 
a  sphere  of  momentum  space. 


The  concept  of  self-trapping, well-known  in  the  case  of  a  single  particle, can 
be  extended  to  collective  excitations  (1) :  consider  a  system  where  one  can  define 
two  phases  which  have  almost  equal  thermodynamical  potential, 6g  in  the  stable  phase 
and  Gg  in  the  excited  one.  Suppose  than  an  elementary  excitation  as  a  lower  energy 
<dg  in  the  excited  phase  than  in  the  stable  phase  Ug.so  that  Ao>  -  o)g-  G£-  Gg. 

The  excitation  energy  lowering  Aw  tends  to  induce  the  formation  of  a  volume  of  the 
excited  phase,  limited  to  a  finite  site  by  AG.  Taking  into  account  the  excitation 
localization  energy  Eloc,the  excitation  can  be  self-trapped  if  the  thermodynamical 
potential  balance  is  favourable. 

Ms  consider  here  longitudinal  phonons  in  He4, either  in  the  b.c.c.  solid  or 
in  the  superfluid  (the  phonon-roton  spectrum) .  This  system  seems  a  good  candidate 
for  collective  excitation  self-trapping: first;, longitudinal  phonons  exist  with  a 
long  lifetime  in  both  phases  (as  "rotons"  at  large  wavevectors  in  the  superfluid) . 
Secondly,  in  many  respects, solid  and  liquid  Helium  behave  very  similary:  Delrieu  has 
noted  striking  analogies  between  the  two  phases  (2) (orders  of  magnitude, types  of  in¬ 
teractions,  types  of  defects) .  Castaing  and  Nosi&res  have  pointed  out  the  "nearly 
solid"  character  of  liquid  Be3  (3) (the  same  idea  applies  to  liquid  He4).  *  roton  in 
superfluid  Be4  has  been  described  as  a  longitudinal  phonon  self-trapped  in  a  solid¬ 
like  region  of  the  liquid  (4).  Here,  the  stable  phase  is  the  b.c.c.  solid  at  pressu¬ 
res  only  slightly  higher  than  the  melting  pressure,  so  that  the  melting  free  en¬ 
thalpy  is  much  smaller  than  a  typical  atomic  kinetic  energy  in  the  liquid 
Kkln  “  N2k2/2m,  where  a  is  the  atomic  mass  and  kt  s/a  (a  is  the  interatomic  spacing). 
The  b.c.c.  structure  corresponds  to  the  lowest  solid-liquid  surface  tension. 

The  excitation  spectrum  of  the  liquid  exhibits  a  minimum  (the  "roton  mini¬ 
mum"), at  a  wavevec  tor  |q|  -  q^  2. it"1,  w  »  w^  •  7.3K.  In  the  larger  part  of  the 
moment  an  specs,  the  phonon  energies  in  the  solid  w#(q)  are  much  larger  than  so 

NH)  "  "g  " 


that: 
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Therefore,  conditions  for  seif-trapping  in  a  superfluid  drop  of  radius  R  are  favou¬ 
rable  at  wavevectors  around  the  roton  minimum.  The  free  enthalpy  balance  condition 
can  be  written: 

-  Aw(q  )  +  E,  (R)  +  (4*/3)R3AG  +  4woR2  <  0 
o  loc 

The  second  term  is  the  energy  necessary  to  localize  the  roton  within  the  drop. The 
last  term  is  the  solid-liquid  interface  energy, Which  remains  finite  on  the  melting 
curve, and,  therefore, predominates  on  the  volume  term.  As  estimated  from  ion  mobility 
measurements  (5) ,  o  =  0.04  erg/Cm2 .  A  roton  can  be  pictured  as  a  vortex  ring  of  dia¬ 
meter  2RQ,with  a  dipolar  velocity  field,  except  at  small  distances. In  the  Feynman 

model,  2R  'v  a.  However,  in  this  work, it  is  more  consistent  to  use  the  picture  of  a 
o 

phonon  self-trapped  in  a  solid-like  region  of  diameter  2Rq.  The  estimate  of  Rq  is 
about  4-5  interatomic  distances  on  the  melting  curve.  To  localize  the  roton  within 
the  drop, it  is  necessary  to  perturb  the  dipolar  back flow, which  increases  the  fluid 
kinetic  energy.  Imposing  that  the  velocity  vanishes  for  r  >  R,and  considering  the 
fluid  as  continuous, perfect  and  incompressible, we  obtain, as  leading  term: 

Eloc(R)  =  (#2q2/2»>  /  R2R 

Minimization  with  respect  to  R, gives  the  free  enthalpy  of  the  self- trapped  state: 

GST  "  "  A<‘rt<J0>  +  0/2)  <K2q£/2a**) 1/3  x(8*a)2/3 
-the  optimum  drop  radius  is 

R  =  a  /  8*0*1]  1/3 

We  expect  about  120  atoms  in  the  drop  and  a  self-trapped  phonon  energy  about  10* 
above  the  roton  energy.  Given  the  rough  approximations  involved  these  figures  should 
be  considered  as  orders  of  magnitude,  rather  than  precise  determinations. 

Have  these  self-trapped  phonons  been  observed  expermentally?  Indeed, anomalies 
have  been  seen  in  the  phonon  spectrum  of  b.c.c.  He  in  neutron  scattering  experiments 
(6) :at  equivalent  points  of  the  momentum  space, non  identical  neutron  profiles  were 
observed.  At  |q|  ^  2.3&-1,on  a  sphere  of  the  momentum  space, the  profiles  were  di say- 

metric  ,  with  a  higher  intensity, and  occur ed  at  lower  energy. While  dissywe tries  and 
changes  in  the  peak  intensities  may  be  due  to  interference  effect  in  the  one-phonon 

scattering  function  has  Glyds  (7))  the  peak  energy  lowering  cannot  be  interpreted  so 
easily,  the  feet  that  the  anomaly  occurs  at  a  constant  value  of  the  modulus  of  cne 
vavevector , Independently  of  its  direction, agrees  with  our  interpretation, since  the 
roton  spec  true  of  the  liquid  is  isotropic.  The  value  of  the  anomalous  mevwvnctor 

|4,  0_1  0—1 

[q j  ■  2.3A  is  also  in  agreement  with  the  roton  wavwvmctor, located  at  2. 1A  on 
the  melting  curve  and, therefore, at  a  higher  value  in  the  as  tea table  liquid  at  pres¬ 
sures  above  the  melting  pressure.  The  value  of  the  minimum  energy, w  «  15K  is  in 
remarkable  agreement  with  our  rough  estimate  ,  10*  above  the  roton  energy, i .e. 
about  17*.  northerner  (8)  has  shewn  that  the  Debye-Waller  factor  in  the  nolid  closely 
resembles  the  structure  of  superf luid  Ha4,  exhibiting  characteristic  oscillations 
in  the  longitudinal  nodes  (but  such  smaller  ones  in  the  transverse  nodes). 

Ns  propose  that  these  effects  are  a  manifestation  of  phonon  sal f- trapping. 

our  nodal  is  quits  e rheme  tic  end  roughly  approximate,  what 


It  is  obvious  that 
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we  want  to  point  out  in  this  model  are  consequences  of  high  non  linearities.  In  this 
quantum  crystal, the  equations  of  motion  should  be  non  linear.  Indeed, the  physical 
condition  Aid  >>  AG  implies  that  the  degrees  of  freedom  involved  in  the  excitation 
are  strongly  coupled  to  the  order  parameter  of  the  phase  transition  (here  the  fourier 
components  of  the  density  at  wavevectors  belonging  to  the  reciprocal  lattice) .  The 
coupling  is  so  large  that  a  linearization  is  not  possible.  It  is  well  known  that, in 
such  a  case,  a  local  solution  is  possible:  the  case  of  an  electron  in  an  ionic  crys¬ 
tal  embedded  in  a  lattice  polaron  is  a  well  known  example.  An  electron  in  a  magnetic 
insulator  with  a  large  s-d  exchange,  forming  a  magnetic  polaron, is  another  one.  In 
our  case  the  collective  excitation  becomes  local  both  in  real  space  and  in  momentum 
space.  In  this  local  solution, the  anharmonicity  is  so  large  that  surprising  simila¬ 
rities  with  the  liquid  phase  are  observed.  This  is  what  we  want  to  modelize  with 
our  liquid  drop  picture. 
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A  STUDY  OF  THE  Pb  PRECIPITATION  IN  Nad  FROM  THERMAL  CONDUCTIVITY 
EXPERIMENTS 


M.  Locatelli,  R.  Suchail  and  E.  Zecchi* 

Service  des  Basses  Temperatures,  Laboratoire  de  Cryophysique,  Centre  d 'Etudes 
Hualtaires  de  Grenoble,  8S  X,  38041  Grenoble  Cedex,  France 

*Gruppo  Saxionale  di  Struttura  della  Materia  CUE,  Istituto  di  Fisica 
dell  'Vnivereita  di  Parma,  Italy 

Abstract.  -  Phonon  Interactions  are  very  useful  In  the  study  of  larne  defects 
In  dielectric  crystals.  We  present  here  the  study  of  the  nucleatlon  phenomen¬ 
on*  of  Pb  In  NaCl  by  Means  of  therwl  conductivity  experiments  between  50  mK 
and  50  K,  and  give  some  elements  In  favour  of  the  hypothesis  that  the  vacan¬ 
cy  Is  the  scattering  center  In  the  IV  dipole  (Pb2*  vacancy)  phonon  Interac¬ 
tions. 

1.  Introduction  -  The  Interaction  of  phonons  with  large  defects  in  dielectric  crys¬ 
tals  depends  on  the  characteristics  of  the  defect  (dimensions,  shape,  density)  and 
on  the  phonon  frequency  (1).  Therefore  thermal  conductivity  experiments  can  be  very 
useful  In  the  study  of  such  defects.  Since  phonons  interact  with  many  different  de¬ 
fects,  it  Is  necessary  to  know  the  different  Interaction  processes  available  In  the 
stud’"'  1  system.  In  order  to  analyse  the  results. 

In  previous  work  (2)  on  Pb  nucleaction  In  KC1  me  have  deduced  the  presence  of 
a  cylindrical  Suzuki  like  phase  (PbCl2  superlattice),  also  we  have  observed  phonon 
scattering  by  I.V.  (Pb2*  vacancy)  dipoles  and  formulated  the  hypotheses  that  the 
scattering  center  Is  the  vacancy,  as  the  resonance  frequency  does  not  depend  on  the 
cation  (3). 

It  Is  Interesting  to  confirm  this  hypothesis  and  In  order  to  do  this  we  have 
studied  by  the  same  technique  the  NaCl  :  Pb  system,  where  the  site  of  the  vacancy  Is 
different  from  that  In  KC1  :  Pb  (4). 

2.  Experiments  and  Results  -  All  the  samples  were  provided  by  Prof.  R.CAPELLETTI 
from  Parma  University  (Italy)  and  their  characteristics  are  given  In  Table  1. 

The  thermal  conductivity  has  been  measured  by  the  standard  method  In  two  ther¬ 
mal  states  for  the  doped  crystals  :  as  received  and  quenched.  The  thermal  treatment 
at  500*C  far  two  hours  before  quenching  to  LNT  permits  to  dissolve  some  of  the  large 
defects . 

I.V.  dipole  concentration  In  the  different  states  and  samples  has  been  mea¬ 
sured  using  Ionic  Thermo  Currents  (ITC)  technique  by  the  Parma  Group.  A  pure  NaCl 
sample  has  been  measured  too  as  a  reference. 

The  results  are  shown  In  Flg.l,  and  we  can  make  the  following  remarks  :  1)for 
the  heavily  doped  sample  It  Is  Impossible  to  dissolve  all  the  lead  by  a  quenching 
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this  result  is  confirmed  by  ITC  too,  il)  for  the  sample  with  the  lightest  doping, 
the  "dip"  at  high  temperature,  attributed  to  I.V.  dipoles,  is  very  small,  while  ITC 
experiments  show  the  presence  of  I.V.  dipoles. 


3.  Quantitative  Analysis  -  Me  use  the  Debye  model,  as  employed  in  (5),  to  analyse 
the  results  :  in  this  model  the  different  scattering  processes  are  considered  inde¬ 
pendent  and  the  total  inverse  relaxation  time  is  given  by  the  relation  : 


t*1  *  v/b  +  Gin  +  Aw4  +  T’ph  ph  +  ^  T?1 

v/b,  Gw,  Aw4  and  t'^  correspond  to  the  boundary,  dislocation,  point  defect  and 
phonon  phonon  scattering,  v  is  the  sound  velocity,  b  the  sample  dimension  ;  only  G 
and  A  can  vary  with  the  thermal  state  of  the  sample. 

T"ph  ph  has  been  ®ccurrate1y  determined  using  the  results  for  the  pure  sample  : 


T‘ph  ph  *  84370  “2  T  exP  (  *  310/4.5  x  T) 

are  related  to  the  IV  dipole  and  large  defect  scattering. 

The  following  expressions  have  been  used  : 

-  IV  dipole  rj*  =  Dw4/  (w2  -  w2)2  elastic  scattering  where  D  is  proportional  to 
the  IV  concentration  and  w0  is  the  resonance  frequency, 

-  large  defects  :  two  types 

.  Spherical  t'1  *  Nr  v 


-l 


«r  where  Nr  Is  the  spherical  defects  concentration 


a  *  n  r2  x 
r 


(1  +  R  exp  (-  |))  x  (rw/v)4  for  ^  <1.5 
(1  +  R  exp  (-  ^))  for  ^  >  1.5 

where  r  is  the  radius  of  the  defect  and  R  a  scattering  efficiency  coefficient. 
Cylindrical  v 

tion  and  a 

with 


-1 


at(j  where  is  the  cylindrical  defects  concentra- 


+  Op 


td  1 

]l  *  ^ 2  ^or  t“7v  <  3-5 

■  gV2  (w/v)3  exp  (-c(^  -  ^p)2)  for  ^  >  1 .5 

id  -  fdt  (dw/1 .5v)4  for  du/v  <  1.5 
«  fdt  for  dw/v  >1.5 


where  t  is  the  length,  d  the  diameter  and  V  the  volume  of  the  cylinder,  v  the 
sound  velocity,  g,  f  are  scattering  efficiency  coefficients,  c  an  adjustable 
parameter. 

The  values  of  the  main  parameters  corresponding  to  the  curves  in  fig.l  are  given 
in  the  Table  1. 

Me  note  that  the  fits  are  good  for  the  heavily  doped  sample,  but  not  excellent  for 
the  two  other  samples.  This  can  be  attributed  to  the  presence  of  Impurity  Ions  which 
modify  the  thermal  conductivity  mainly  fbr  the  undoped  or  lightly  doped  sample. 
Nevertheless  we  can  deduce  the  following  results  from  the  analysis  1)  the  lead 
nucl cacti on  gives  rise  to  large  defects  with  the  dimension  and  shape  depending  on 
the  Pb  concentration  :  spherical  at  low  concentration  and  cylindrical  at  high  con¬ 
centration. 
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ii)  the  IV  dipole  phonon  scattering  is  weak  and  corresponds  to  a  resonance  tempera¬ 
ture  of  55  K. 

This  behaviour  is  different  from  the  one  observed  in  the  KC1  :  Pb  system  where 
the  scattering  is  stronger  and  at  a  resonance  temperature  of  29  K. 


4.  Conclusion  -  The  scattering  center  in  the  IV  dipole  phonon  interaction  seems  to 
be  the  vacancy,  and  a  quantitative  model  will  be  developed  in  the  future. 


Moreover  the  Pb  nucleaction  gives  rise  to  large  defects  where  the  shape,  sphe¬ 
rical  or  cylindrical,  seems  to  depend  on  the  Pb  concentration. 
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INTERACTION  OF  SOUND  WITH  VACANCIES  IN  boc  3He  CRYSTALS 
I.  Iwasa  and  H.  Suzuki 

Department  of  Physios,  University  of  Tokyo,  Burikyo-ku,  Tokyo  11$,  Japan 


Abstract.-  Longitudinal  sound  velocity  was  measured  in  bcc  3He 
crystals  at  frequencies  of  10,  30  and  50  MHz  as  a  function  of 
temperature.  Above  0.4  K,  the  velocity  always  decreased  with 
increasing  temperature  and  no  systematic  dependence  on  frequency 
was  observed.  The  result  was  interpreted  by  taking  into  account 
the  contribution  of  vacancies  to  the  sound  velocity. 


He  have  measured  the  longitudinal  sound  velocities  in  bcc  3He 
crystals  with  a  resolution  of  2-10-5  at  frequencies  of  10,  30  and  50 
MHz  as  a  function  of  temperature.  The  relative  change  in  the  velocity 
Av/v0  = (v(T) “Vq)/Vq  is  plotted  in  Figs.  1  and  2.  The  data  in  Fig.  1 
are  taken  for  a  crystal  grown  at  33  atm  (24.4  cm3/mole) .  The  velocity 
change  below  0.3  K  is  hysteretic.and  amplitude-dependent  due  to  dis¬ 
locations  and  is  discussed  elsewhere.1*  Above  0.4  K  the  velocity 
decreases  with  temperature.  The  data  in  Fig.  2  taken  for  a  crystal 
grown  at  38  atm  (23.8  cm3/mole)  show  no  systematic  dependence  on  the 
frequency. 

Our  results  are  consistent  with  those  of  Wanner,  Mueller  and 
2) 

FairtxanX.  '  They  analysed  the  data  by  a  2 -parameter  equation 

p(v2(T)  -  vj]  -  RT4 +ST6,  (1) 

where  p  is  the  density  and  R  and  S  are  parameters.  The  equation  was 
derived  by  using  the  Mie-Griineiaen  equation  of  state  for  a  solid 
together  with  the  specific  heat.  The  first  term  on  the  right-hand  side 
was  a  direct  consequence  of  the  lattice  specific  heat  and  this  T4- 
de pen dance  was  observed  in  hep  4 He  crystals.3*  The  second  term  was 
related  to  the  excess  specific  heat  (high-temperature  anomaly)  which 
was  described  by  a  T-dependent  Debye  temperature  6 (T)  =  0Q (1-aT2) . 
Although  eq. (1)  was  well  fitted  to  their  data,  their  derivation  of  the 
second  term  was  unjustifiable  because  the  term  was  comparable  to  or 
even  greater  than  the  first  term. 

The  recent  specific  heat  measurement  of  Greyvall4*  has  shown  that 
the  high -temperature  anomaly  is  primarily  caused  by  vacancies.  In  the 
fol lowing  we  will  shew  that  the  observed  temperature  dependence  of  the 


Fig.  1  :  Temperature  dependence 
of  the  velocity  at  10  MHz  on  a 
cooling  run  (run  1)  and  a  heat¬ 
ing  run  (run  2).  The  drop  in 
the  velocity  at  0.08  K  and  the 
hysteresis  below  0.3  K  are  due 
to  dislocations  multiplied  by 
phase  separation.  The  curve  is 
calculated  from  eq. (4)  with 
k  « -1.53  and  H--0.51. 


TEMP.  (  K  ) 


Fig.  2  :  Temperature  dependence 
of  the  velocity  at  10,  30  and 
50  MHz .  Phase  separation  did 
not  occur  in  this  crystal. 

The  curve  is  calculated  from 
eq.  (4)  with  k=»  -1.10  and 
i *  -0 . 55 . 


sound  velocity  is  consistent  with  the  specific  heat  which  is  composed 
of  the  lattice  and  vacancy  terms. 

According  to  Greywall  the  specific  heat  of  a  bcc  3He  crystal  is 
a  sum  of  (1)  the  lattice  term  C0  with  the  Debye  teiqperature  6,  (2)  the 
vacancy  term  with  the  vacancy  formation  energy  (3)  the  exchange 
term  Cj.  with  the  exchange  energy  J,  and  (4)  the  residual  excess 
specific  hea^  Cx  whose  origin  is  not  given.  Each  of  the  first  three 
major  terms  has  a  functional  form  f(a/T)  where  a*  6,  $  or  J.  Then  the 
generalized  Mie-Griineisen  equation  of  state  reads 


where  V  is  the  volume  and  ya  *  -d  lna/dln  V.  For  simplicity  we  neglect 
the  exchange  term  which  is  appreciable  only  below  0.1  K.  After  several 
thermodynamical  manipulations  with  an  assumption  that  the  number  of 
vacancies  does  not  change  by  the  sound  wave  we  obtain  an  expression 
for  the  adiabatic  bulk  modulus t 

B,(T)-B0  -  ^•(Tfe-Yj  +  l)fcedr+^(yt-Y;+l)fc4dT 
5  B1  +  B2  , 


(3) 
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where  =  din  Ya/dln  V  and  we  set  = 0  for  numerical  estimations. 

As  the  bulk  modulus  is  a  linear  combination  of  the  elastic 
constants  which  in  turn  are  related  to  the  sound  velocity,  the  rela¬ 
tive  change  in  the  velocity  can  be  written  as 


Av 

v„ 


k 


(4) 


where  k  and  £  are  adjustable  parameters.  B_ ,  B.  and  B_  are  calculated 

4)  u  l  z  n 

from  the  data  of  the  specific  heat  and  the  elastic  constants. 
Equation  (4)  is  then  fitted  to  our  velocity  data.  The  curves  in  Figs. 

1  and  2  are  calculated  for  £  =  -0.51  with  k  =3£  and  £  =  -0.55  with  k  = 

2  £ ,  respectively . 

Equation  (4)  is  physically  more  reasonable  than  eq. (1) :  As  the 
bulk  modulus  increases  and  the  longitudinal  sound  velocity  decreases 
with  temperature,  the  shear  modulus  in  the  isotropic  approximation 
should  decrease.  A  simple  interpretation  of  the  second  term  in  eq. (4) 
is  then  that  the  shear  modulus  is  decreased  by  vacancies  because  there 
are  no  bondings  at  the  vacant  sites.  As  for  the  first  term,  the  pre¬ 
sent  values  of  k=-1.53  and  -1.10  are  comparable  to  those  obtained  for 
hep  4 He  (-0.8^  -1.8)  . 

In  conclusion,  the  contribution  of  vacancies  to  the  velocity 
which  was  not  considered  by  Wanner  et  al.  should  be  taken  into  account. 
We  thank  R.  Wanner  for  useful  discussions. 
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MEANS  SQUARE  DISPLACEMENTS  OF  A  SUBSTITUTIONAL  DEFECT  AND  ITS  NEAREST 
NEIGHBOURS  IN  KI 


S.  Duraisvaay  and  T.M.  Haridaaan 

School  of  Physic  a,  Madurai  Kamaraj  University,  Madurai  626021,  India 

Abstract.-  The  aeans  square  displacements  of  beth  the  cation 
ana  anion  substitutional  defects  and  those  of  their  nearest 
neighbours  in  Kl  are  calculated  in  the  frame  work  of  a 
scattering  matrix  formalism.  Our  results  show  that  the  aeans 
square  amplitudes  ol  the  defect  atom  such  as  the  Rb*  in  XI 
is  such  larger  than  the  value  of  Kb  in  Rbl  as  also  of  K 
in  KX.  The  aeans  square  displacements  of  the  nearest  neigh¬ 
bours  in  the  defect  environment  are  not  that  signif icanltly 
altered  from  their  values  ir  the  host  crystal  environment. The 
other  salient  features  obseri.d  from  our  calculations  are 
also  discussed. 


1. Introduction.-  Eventhough  many  aspects  associted  with  point 
defects  in  alkallhalides  are  well  investigated  beth  theoretically 
and  experimentally  in  the  past,  the  means  square  displacements  of 
point  defects  and  their  immediate  neighbours  are  not  explored  that 
extensively  so  far.  In  this  paper  we  report  the  results  of  eur 
investigations  on  the  means  square  displacements  of  Na+,Rb+,CI-  and 
Br~  impurities  and  those  of  their  nearest  neighbours  in  KI  using 
the  lattice  Green's  functions  in  the  scattering  matrix  formalism. 

2. Method  of  Calculation.-  It  is  well  known  that  the  impurity  modes 
associated  with  a  point  defect  in  am  alkallhalide  is  given  by  the 
solutions  of  the  deterninantal  equation  1  I-g(uJ ) £l(  u)  )  j  >0 
for  various  uJ  values.  However  following  tke  'same  theory  one  can 
formulate  a  scattering  matrix  and  show  that  the  matrix  associated 
with  the  scattered  amplitude  u,  of  the  defect  and  its  neighbours 

i 

can  be  written  corresponding  to  the  incident  plane  wave  as 

«•,  =  Li  +  2£Ki-.$WiJ  v-°  o) 

Here  g  is  the  Green's  function  matrix  of  the  host  lattice  in  the 
defect  space  constituted  by  the  impurity  and  its  first  six  neigh¬ 
bours.  <£l  is  the  matrix  desribing  the  perturbation  in  the  same  space 
due  to  the  presence  of  the  defect.  So  knowing  Si,  g  and  the  plane 

0  A/  *v 

wave  amplitude  u(q,j)  for  the  incident  mode(q, j)  one  can  compute 
u  (  X,uJ)  ' 

•  and  then  obtain  the  means  square  amplitudes  and  the 

Debye  Waller  factors  as 


i 

i 

I 
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ECHO  •;  2JI *<W*dK»  ^3) 

The  eleeente  of  f  Matrix  in  the  (21x21)  defect  space  are  available 
from  the  early  work  on  impurity  modes'^  .The  elements  of  £l  matrix 
are  also  available  likewise.  The  relevant  elements  of  g  matrix  are 
evaluated  using  the  phonon  frequencies  and  eigenvectors  from  a 
shell  model  fitted  to  nuetron  scattering  data  .  The  £l  matrix 
involve  only  one  unknown  parameter  A  A . the  change  of  force  constant 
between  the  defect  and  its  first  neighbour.  These  are  fitted  to  the 
experimental  gap  nodes*.  The  values  of  .A  A  obtained  are  given  in 
Table  1.  The  u(q, 3)  are  again  fed  from  the  shell  model  used  in  the 
estimation  of  g.  Then  using  Eqs  2  and  3  <  uf(K).>  and  B(K? 

for  the  impurity  ion  and  their  first  neighbours  are  oonputed. 

3. Results  and  discussion.-  The  results  of  our  calculations  are 
given  in  Tables  2  and 3.  The  main  conclusions  are  the  following. 

a)  The  B  factor  for  the  impurity  is  in  general  larger  than  the 
corresponding  B  factor  of  the  host  atoms. Bor  example  B  factor  of 
Rb  in  KI  is  more  than  that  of  K  in  KI  .Also  it  is  larger  than  that 
of  Rb  in  Rbl. 

b)  The  B  factor  of  Na+  in  KI  is  greater  than  the  B  factor  of  Rb* 

in  KI  whereas  for  the  negative  ion  impurities  the  trend  is  reversed. 

c) The  B  factor  of  the  first  neighbour  of  the  defect  is  different 
from  the  B  factor  of  the  same  ion  in  the  host  crystal  environment. 
However  the  difference  in  these  two  B  factors  is  not  that  prominent. 

d)  The  occurances  of  possible  resonances  in  (I-jg£l  )-1  may  be 
responsible  for  getting  larger  B  factors  for  the  defects 

In  calculations  such  as  diffusion  where  the  jump  frequeny 
depends  on  the  jumping  atom (which  is  an  impurity)  and  its  neigh¬ 
bours  one  should  employ  these  means  square  amplitudes.  In  the 
absence  of  experimental  results  we  hope  that  these  estimations 
would  be  of  use  to  scattering  experimentalists  to  see  how  the 
scattered  intensities  would  be  influenced  by  such  defects . 

Table  1.  Change  in  force  constant  in  KX 


The  defect  Change  in  A  in 

unitsof  10*  dyngs/cm 


Cl" 

-0.111 

Br" 

-0.595 

Ha* 

-1.000 

Rb* 

0.435 
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Table  2.  B  factors  of  various  defects  and  nearest  neighbours 
in  KI  at  300  K  in  units  of  A2 


Defect 

B( Defect) 

B(nearest 

neighbour) 

Rb* 

5.o55 

2.573 

sa+ 

23.681 

3.322 

Cl” 

2.979 

6.427 

Br“ 

3.355 

3.843 

2 

Table  3.  B  faootrs  in  A  for 

Rb*  in  KI  at  different 

temperatures, 

Temperature 

(B+*Rb  inRbl 

(B.)  (B  )  (®^)t  1  jj  |T 

+Rb  in  KI  I  inKI:Rb  1  “  “ 

50  K 

0.684 

1.396  0.487 

0.54  t 

100  K 

1.265 

2.076  0.885 

1.014 

150  K 

1.867 

2.891  1.302 

1.501 

200  K 

2.475 

3.747  1.724 

1.992 

250  K 

3.085 

4.622  2.148 

2.484 

300  K 

3.697 

5.055  2.573 

2.977 
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ANOMALOUS  TEMPERATURE  DEPENDENCE  OF  A  LO  MODE  IN  UKS04 
M.L.  Bansal,  S.K.  Deb,  A.P.  Roy  and  T.C.  Sahni 

Nuclear  Physios  Division,  Bhabha  Atomic  Research  Centre,  Trombay,  Bombay  400 
085,  India 


Abstract Hasan  scattering  neaaurenenfce  for  LIKSQ4  over  the 
temperature  range  200  K  to  725  K  are  reported.  Che  reeults 
corroborate  the  ooourrenoe  of  a  phase  transit  ion  at  700  L  and 
also  exhibit  two  unusual  lattice  dynanioal  features  vis  an  inves¬ 
ted  LO-TO  splitting  and  an  inorease  in  the  frequency  of  a  noraal 
ao3e  with  rise  in  te^erature.  A  phenoaenologl  cal  explanation  for 
these  features  Is  given. 

1.  Introduction.-  We  had  reoently1  established  a  subtle  first  order 
low  tesperatuxe  phase  transition  in  11180^(0^ -»  Ojy)  (at  201  K)  using 
Baann  scattering  aeasurenents  and  we  have  extended  our  aeasureaents  to 
high  teaperature  region  slnoe  additional  phase  transition  (~700K)  had 
been  proposed  for  this  exystal  in  the  literature2. 

In  extending  our  aeasurenents  up to  725K  while  we  have  found 
evidence  that  a  phase  transition  does  ooour  around  7001,  in  addition, 
we  have  found  two  interesting  features  of  vibrational  nodes  in  the 
teaperature  range  between  the  transit  ion  points  (oqrstal  ay— try  of). 
Chess  features  ares  (1)  the  10  frequency  of  a  >>2  *>4a  of  80^  appears 
below  its  CO  counterpart  and  (11)  the  frequency  of  this  10  node 
lnoreases  with  the  rise  in  teaperature.  Sinoe  these  are  soaewhat  un¬ 
usual  features  we  propose  to  discuss  these  in  greater  detail  here  and 
exoept  for  a  brief  nentlon,  oalt  the  dlsoussloa  of  the  changes  pertai¬ 
ning  to  high  teaperature  ph ase  transition. 

In  seotion  2  we  desorlbe  experiaental  details  and  present  the 
spectra.  Dlecuse  Ion  of  the  results  and  a  possible  explanation  for  the 
LO-TO  frequency  inversion  and  anoaalous  teaperature  dependence  of  the 
■^(LO)^  aode  are  given  in  section  5, 

2.  Ixpsrlaental  details.-  Polarised  Kaaan  Spectra  were  reoorded  using 
a  hoae  aade  40  UP  Be-Od  laser  and  a  grating  double  aonochroaator^ 
with  spectral  bandpass  of  3.50B*1. 

for  high  teaperature  studies,  we  used  a  oell,  wherein  the  sam¬ 
ple  is  aounted  seohanloally  and  its  three  fsoes  are  in  oontsot  with 
copper  to  ensure  unlforalty  of  teaperature.  Che  teaperature  was 
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Fig.l  Raman  spectra  at  different 
temperatures  for  two  orientations. 


_  Dependence  of  £0  frequen¬ 
cies on  Si  ft  82 .  Input  10  frequ¬ 
encies  are  also  shows. 


monitored  using  a  oopper  oonstant 
thermocouple  and  a  proportional 
teaperatnre  controller  was  used  to 
■aintain  it  oonstant  within  p0.5*C. 
The  reported  tesperature  values 
refer  to  the  tesperature  of  the 
oopper  blooki  the  saaple  tesperature 
la  aonewhat  lower  (bp  —101  at  6001 X 

3.  Be suits  and  Dlaouaalon.-  Pig.  1 

shows  the  tesperature  dependence 

(2101-6731)  of  Y(ST)X  and  Y(XZ)Z 

speotra  over  the  frequency  range 

400  on-1-520  cn"1.  >>tt-  ***  ^2 

label  nodes  involving  predoninantly 

Li  translation  and  30^  internal 

vibration  respectively.  Further  as 

is  often  the  ease  with  LI  salts, the 

ionlo  conductivity  increases  oonai- 

derably  with  the  rise  in  tenperaturq 

80  the  former  node  oan  be  expected 

to  broaden  sore  rapidly  with 

lnoresslsg  tesperature.  The  assign- 

sent  of  10  nodes  in  Fig.l  is  based 

on  this  preslse  and  is  different 

froa  earlier  assignaents.  Fig. 2 

shows  plot  of  frequencies  versus 

temperature,  lots  that  for  the 

node  LO-TO  splitting  is  inverted. 

The  behaviour  oea  be  understood 

using  a  piotuxe  of  two  soorby  oaoil- 

latora  where  one  of  thoa  oazrled  a 

Such  larger  dipole  soaent.  An 

OppzOXiaate  ezprasslon  for  the  dl- 

eleotrle  fthotion, valid  in  this 

ffcofcuenqr  range  la 

„  A  ^  «,  ^  vJctO) 

a  M:  *•  ,7  J Z—i  t  7  -  —  (i) 

^(T0)-J>*  VT0)-p\ 

The  ID  frequanoias  obtalasd  froa  tho 

seros  of  oqs.(l)  for  a  gives  set  of 

TO  frequenolee  and  oaoillator 
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atrangtha  and  82  in  givan  la  labia  1.  Rlralahl  at  *1*  civ*  Taluaa 
of  8^  and  Sg  from  an  analyala  of  tbalr  rooa  temperature  IK  reflaotion 
apeotra.  Tha  valuta  ohoaaa  by  ua  at  210E  art  oloaa  to  thalra. 


Tha  aoat  notab la  faatura  about  taaparatura  variation  of  various 
aodaa  (Riga.  1A2)  la  that  both  9^10)  and  9g(L0)  oonverga  towarda  >fe(TO) 
aa  taaparatura  la  lnoraaaadi  tha  former  daoraaaas  by  17 om-1  wharaaa 
tha  latter  lnoraaaaa  by  6cm“*  over  the  temperature  interval  210K-420I. 
Ihla  behaviour  oan  be  Quantitatively  reproduced  using  eq.(l)  assuming 
a  decrease  in  tha  value  of  Sg  from  0.065  to  0.015  (Zable  1).  In  aqn(l), 
tha  damping  has  been  neglected  and  to  that  extant  choice  of  the  initial 
values  of  3^  and  Sg  is  somewhat  uncertain.  A.  glance  at  fig  .3  clearly 
shows  that  for  predicting  the  observed  relative  shifts  of  9g(X0)  and 
9^(10),  Sg  has  to  decrease  with  inareasing  temperature,  irrespective 
of  the  uncertainty  in  the  initial  ohoioe  of  and  Sg.  Variation  of  8^ 
keeping  Sg  fixed  leads  to  simultaneous  increase  or  decrease  of  both 


?g(L0)  and  whereas  experimentally  P2(XD)  increases  and  ^(LO) 

decreases  with  Inareasing  temperature.  At  still  higher  temperature 
(>  420E)  Li  modes  oan  not  be  traoed  experimentally  but  Jg (ID)  moves 
progressively  closer  to  9g(I0).  Since  the  j?2  mod*  10  18  inactive  in  the 
free  ion  state,  this  continuous  decrease  in  the  oscillator  strength 
implies  that  the  SO^  distortion  (from  tetrahedral  ahape)  diminishes 
with  increasing  temperature.  Aoross  700K  changes  in  the  Raman  spectre 
occur  over  the  entire  frequency  range,  further,  the  widths  of  most  of 
the  modes  change  abruptly  aaroes  the  transition  point.  However,  as  the 
widths  of  the  peaks  are  rather  large  (FVHK  even  as  much  as  40c*’  } 
detailed  examination  of  the  transition  by  Raman  scattering  alone, seems 
unfeasible  and  other  techniques  may  be  neaeseaxy  for  eluoldation  of  the 
transition. 


210 


lable  li  Observed  and  oaloulated  LO  frequencies  (in  cm' 
oba(TO)  obs(LO)  oaldpl 


-1 


1 


400 

466 


440 

460 


4*i 

480 


Si  -  0.50 
82  -  0.065 


420 


-406 

462 


446 

465 


44« 

466 


Si  «  0.50 
02  «  0.015 
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A  GREEN'S  FUNCTION  STUDY  OF  THE  U  CENTRE  IN  BaClF  AND  SrClF 


K.R.  Balasubramanian  and  T.M.  Haridasan 

School  of  Physics,  Madurai  Kamaraj  University,  Madurai  628021,  India 


Abstract  A  Green's  : unction  Investigation  of  tbs  localised 

and  resonant  nodes  due  to  U  centres  in  the  tetragonal  BaCI? 
and  SrClF  crystals  is  nade  for  the  first  tine. The  lattice 
Green's  functions  are  computed  using  the  normal  modes  and 
eigenvectors  obtained  on  a  shell  model  which  explained  the  long 
wavelength  phonons  satisfactorily  .  The  U  centre  has  Dgd  point 
symmetry  and  the  relevant  matrices  are  blockdiagonalised 
group  theoretically.  The  U  centre  modes  come  under  E  and  B2 
representations. The  force  constant  weakening  to  fit  the 
experimental  E  mode  is  2K%  whereas  for  the  Bn  mode  the 
weakening  is  only  12%.  These  are  compared  with  earlier  work 
on  molecular  model  and  on  the  U  centres  in  fluorites.  The 
possible  phonon  resonances  are  also  examined  and  he  possibi¬ 
lity  of  their  experimental  detection  is  discussed. 


1 . Introduction.-  Juneau1  observed  experimentally  the  localised 
modes  due  to  H-  ion  substitution  in  the  tetragonal  crystals  of 
t'ClF  and  SrClF  .It  was  established  that  the  H"  ion  enters  the  F~ 

ion  site.Afl  it  is  customary  to  denote  this  point  defect  as  0  centre 
In  alkallhalides  and  flourites  we  shall  label  this  centre  in  these 
crystals  also  as  D  centre.  Kalyanl  et  al.2  employed  a  molecular 
model  to  account  for  these  modes.  Since  the  lattice  dynamics  of 
these  crystals  has  been  discussed  recently  by  the  present  authors'* 
on  the  basis  of  a  shall  model  ,we  thought  it  worthwhile  to  use  a 
Green's  function  formalism  to  Investigate  these  localised  modes  in 
BaClF  and  SrClF.  We  shall  report  the  results  of  such  an  investi¬ 
gation  in  this  paper. 

2.  Theory.-  The  localised  nodes  due  to  point  defect  are  obtainable 
from  the  solutions  of  the  determinants!  equation  j  I-g(u)£ l(*J)j  *0 
by  seeing  to  which  value  of U> this  condition  is  satisfied.  Here 
g(CJ)  is  the  .lattice  Green's  function  matrix  of  the  host  lattice 
in  a  partitioned  apace  constituted  by  the  0  centre  and  its 
Immediate  neighbours  with  which  it  interacts  directly.  £l(W )  is  the 
matrix  denoting  the  force  constant  changes.  So  knowing  £  and  £  1 
as  functions  of W  wa  can  use  the  aboye  criterion  to  obtain  the 
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defect  aodes.  In  the  present  case  of  BaclX  and  SrClP  .they  are 

tetragonal  crystals  with  six  atons  per  unit  cell.  The  dynamics 

of  these  crystals  have  been  investigated  by  us  on  a  shell  nod  .el 

where  the  parameters  were  transferred  suitably  from  corresponding 

parameters  of  Sr?2and  SrCl*  .  Such  a  mod#1  #xplalMd  the  Ion* 
wavelength  optic  phonons  fairly  well.  We  have  used  this  model  to 

work  out  the  phonons  and  xhelr  polarisation  vectors  at  1000 

wavevector  points  in  the  Brillouin  none  and  these  data  are  used  in 

the  computation  of  the  relevant  Green's  functions. 

Jt;  we  look  at  the  U  centre  it  is  surrounded  by  4  Sr*+ions 
as  first  neighbours  ,4  ?”  ions  as  second  neighbours  and  4  Cl~  ions 
as  third  neighbours.  It  is  fairly  realistic  to  assume  that  the 
change  In  force  constants  happens  only  between  the  U  centre  and 
the  first  neighbours.  Thus  g  and  $1  would  be  of  dimension  (15x15) 
But  since  the  U  centre  has  the  site  symmetry  of  *2d  the  following 
irreducible  representations  are  possible. 

C*  -  2V  A2  +  Bj  OBj  ♦  41 

The  U  centre  nodes  come  under  the  £  and  B2  * 

Using  group  theory  both  the  £  and  fa.  matrices  are  blockdiagonalized. 
The  ^1  matrix  involved  only  one  unknown  parameter  fl A .which 
represents  the  force  constant  change  between  the  U  centre  and  its 
first  neighbours  . 

3.  Calculations  and  results.-  The  relevant  determinants  of  the 
£  and  Bg  blocks  are  calculated  for  various  U)  values  for  a  specific 
percent  change  of  the  force  constant  change  (6  k/  A).  The  value 
of UJ  for  which  the  determinant  vanishes  is  picked.  This  is  repeated 
for  different  percentage  of  the  force  constant  changes.  A  graph 
between  the  percentage  of  force  constant  change  and  the  value  \jj 
-for  vanishing  determinant  is  drawn  and  from  this  the  percent  age 
change  of  force  constant  required  to  fit  the  experimental  local 
node  frequency  is  obtained.  The  percetage  force  constant  soft¬ 
ening  to  fit  the  local  made  under  £  representation  cams  up  to 
be  24#  whereas  the  corresponding  softening  for  the  B2  mods  was 
only  12#.  We  had  extended  the  defect  space  to  imolude  the  second 
and  third  neighbours  in  subsequent  calculations.  The  trend  of 
the  results  oven  with  the  extended  space  remains  the  aaae.  Tbs 
force  constant  weakening  attained  la  the  present  calculation  is 
smaller  than  obtained  bp  felyual  at  -1  in  their  molecular  aadal 
calculations  .but  are  ef  the  aaau  range  am  obtained  bp  Hayes  and 
Wirtshlre  *  far  the  a  centres  la  flanritee.  On*  alas  nstioaa 
that  ths  fores  oeastaat  esftaalag  obtained  for  the  1  asda  doom  not 
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explain  perfectly  the  IV,  mode  and  vice-versa.  It  is  felt  that  one 
should  obtain  the  relaxations  of  the  host  atoms  due  te  the  U  centre 
first  and  try  to  incorporate  these  relaxations  in  future  calculati¬ 
ons  for  obtaining  force  constant  softening  in  order  to  explain 
the  E  and  Bg  mode  simultaneously  to  the  same  degree  of  accuracy. 
Howe Ter, such  an  investigation  should  await  until  more  refined 
and  realistic  potential  functions  for  the  interatomic  interaction 
in  such  crystals  emerge.  Nevertheless  .with  the  present  force 
constant  weakening  obtained  from  the  localised  mode  studies  the 
resonant  modes  undervarious  irreducible  representations  are 
also  computed.  The  condition  of  vanishing  determinant  followed  by 
the  estimation  of  the  widths  of  such  potential  resonances  gave  us 
the  following  results.  No  resonances  could  be  obtained  far  the 
A1.A2  and  representations.  A  resonance  at  281  cm**1  was 
obtained  in  SrClF  for  24$  force  constant  weakening  under  E  rj pre¬ 
sentation.  The  corresponding  resonance  in  BaCIF  was  at  257  cm 

for  both  and  1  %  weakening.  A  low  frequency  resonance  at 
25  cm***  was  also  obtained  for  SrClF  alone  with  24$  softening 
under  the  Bg  representation.  At  present  therein  no  experimental 
data  for  comparison.  However .the  present  estimation  would 
give  the  region  where  one  should  look  for  such  resonances 
either  by  optical  spectroscopy  or  nuetron  spectroscopy. 
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PHONON  DISPERSIONS  IN  CALCIUM  TUNGSTATE 


ti.  Krishnamurthy  and  K.  Kesavaaamy 

School  of  Physics t  Madurai  Kamaraj  University,  Madurai,  India 


Abstract!-  External  node  formalism  la  applied  to  study  phonons  In  CnWQt.  His 
effective  Ionic  charges  of  the  Coulomb  Interactions  and  the  effective  Ionic 
radii  of  Bom-Hayer  shortrangs  potential  are  determined  so  that  the  dynamical 
equilibrium  conditions  are  satisfied  and  lattice  energy  Is  of  right  order  in 
comparison  with  other  complex  Ionic  crystals,  the  calculated  phonon  disper¬ 
sion  relations  along pofl  andfl l(fl direct Ions  are  In  reasonable  agreement  with 
the  neutron  data.  The  generalised  LST  relations  computed  with  our  model 
agree  with  the  XR  data.  Zone  centre  phonons  In  few  other  scheelltes  are  also 
Investigated  sad  compared  with  experimental  data  to  study  the  infiii«n^i»  of 
polarlsablllty  ami  a  possible  breakdown  of  external  node  fonmllsm. 


1.  Introduction!-  CaM0k»  belongs  to  (C^)  with  two  formula  groups  In  the  primitive 
cell.  The  optical  sad  neutron  data  axe  available1.  Elastic  properties  have  been 
studied  experimental  ly  and  theoretically  with  Sts  Inman  et  si's  model  parameters2. 

O'  the  theoretical  aspects  of  phonons,  Kannsmorl  et  ml.  studied^  the  translational 
modes  alone.  Ignoring  the  libra tions  of  tungstate  lens  and  long  range  Coulomb  lnter- 

Flg.  1.  Phonon  Dispersion  along  (OOq)  Fig.  2.  Phonon  Dispersions  along  (qqO) 

Theoretical - Bgi - Agi  . ^  Theoretical  — —  T-l  , - 

Bxperimsnta'i  0  Bgi  •  ♦  A^  experimental  0  acoustical j  •  optical 

. - .  I - 1 


Table  1.  Zone  centra  phonon  frequencies  in  other  sc  he  elites  (THx) 

Kffeetiv#  radii  (A)  ^,a=1.50|  USr«1.55|  Bpb*1.60|  8^*1 .65;  ^*0.80;  Ry^).80  and  ^=1.75 
Iff  active  charge*  Zc4*Zgr*Zpb  =  1*55;  Zjj0  and  Zy  =  0.33l  Rq  =  -0.^7 
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actions.  We  taka  Into  account  the  inertia  of  ungstate  Ions,  the  long  range  Couloeb 
Interactions  In  our  computations  based  on  the  external  node  formalise**. 

2.  Model  and  Results  i-  Following  Rao  et  el.  ^  we  employ  Born-Mayer  short  range  poten¬ 
tial.  In  addition  to  Ooulomb  potential. 

1  ZiZj*2 

where  a  -  1822  eV.  The  ionic  charges  and  radii  are  the  parameters  of  the  model. 

For  Zca  -  1.55,  Z*  -  0.33  and  Zq  -  -0.4?,  R^  -  1.50»  R^  -  0.80  and  Rq  -  1.75,  It  is 
found  that  there  is  a  reasonable  balance  between  long  range  and  short  range  forces  to 
satisfy  dynamical  equilibrium  conditions  and  the  cohesive  energy  Is  of  the  right 
order  (-30.2  eV).  With  this  set  of  parameters  the  dynamical  matrix  is  solved,  using 
grouo  theoretical  expressions,^  for  points  along  (OOq)  and  (qqO)  and  plotted  In  Figs 
14-2.  In  both  directions  all  branches  are  explained  satisfactorily,  except  the  low 
B_  mode.  This  is  understandable,  as  rigid  ion  model  usually  predicts  a  higher  value 
for  the  frequency  of  longitudinal  optical  mode.  The  generalised  LST  relations  are 
also  reasonably  explained  with  the  nresent  model.  The  ratios  of  static  dielectric 
constant  to  high  frequency  dielectric  constant  are  3.09(2.77)  and  2.97(3*06)  for 
qnc  and  q||b  respectively  where  the  experimental  values  are  given  in  brackets. 

In  view  of  the  reasonable  success,  the  model  is  applied  to  study  phonons  In  other 
acheelltes  and  the  results  are  compiled  In  Table  1.  We  find  that  the  phonons  In 
most  of  the  scheelites  can  be  explained  satisfactorily  excepting  those  In  PbWO^  and 
PbMoOt,  presumably  due  to  ambiguities^  In  the  optical  data  In  these  crystals.  From 
the  knowledge  of  polarlsablllty  of  the  lons^  and  external-internal  nodes  separation 
we  conclude  that  any  further  refinement  may  be  possible  only  In  SrWO^  and  SrMoQ^, 
as  both  noninclusion  of  polarlsablllty  and  decoupling  of  external- Internal  nodes 
are  not  serious  In  these  crystals.  It  is  believed  that  this  report  will  be,  parti¬ 
cularly,  useful  for  the  measurements  of  phonon  spectra  in  (qqO)  direction  of  CaWO^. 
One  of  us  (KX)  thanks  CSIR  (India)  for  the  award  of  a  Senior  Research  Fellowship. 
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THE  DIELECTRIC  FUNCTION  MATRIX  AND  THE  LATTICE  DYNAMICS  OF  KC1 


H.A.  Ball  and  tf.N.  Leung 

D.A.H.T.P. ,  University  of  Liverpool,  Liverpool  L69  3BX,  U.K. 


Abstract .  -  The  RPA  dielectric  function  matrix  of  KCi.  is  calculated  with  a  model  in 
which  the  valence  band  consists  of  p-states  on  the  Cl  atoms  and  the  conduction  bands 
are  either  (i)  a  single  OPW  band  or  (ii)  two  OPW  bands.  Local  field  effects  are 
approximately  included.  Results  for  the  diagonal,  some  off-diagonal  elements  and 
the  effective  charges  are  presented.  The  long-range  parts  of  the  dynamical  matrix 
are  got  from  the  calculations;  the  short-range  parts  are  obtained  by  fitting  to  the 
transverse  frequencies. 


He  report  some  model  calculations  of  the  dielectric  function  matrix 
c<q  +  8.  q  +  g')  of  the  ionic  crystal  RCt,  including  results  for  the  diagonal  and 
some  off-diagonal  elements.  He  also  show  how  the  dynamical  matrix  can  be  expressed 
in  terms  of  these  results. 

The  dielectric  function  t  is  given  in  the  St.P.A.  by 


e(q  +  g,  q  +  g') 


gg' 


-4  ire2  2_  j 

Tlq  +  g|2  N  k,ni,n2 


*  !>-r 


1-  -  -  V  _  V 


E  -  E  . 

njk  +  q  n2k 


(1) 


where  the  sum  is  over  the  first  Brillouin  cone  and  the  occupied  and  unoccupied  bands 
n2  and  ni  respectively.  The  most  Important  of  these  bands  are  the  uppermost  valence 
(p-)  band  and  the  lowest  conduction  band.  Pry  /l/  and  Llpari  111  use  for  the 
valence  band  tight-binding  wave-functions  with  p-llke  states  centred  on  the  Ct 

atoms. 


♦_*(*)  •■PH*.**!®  (r  -  R.) 

■J  /»  j  -  -J  pm  .  .j 

Upo<->  “  «2a)5/24>’S  rexpMr] 


(2) 

(3) 


The  exponent  6  in  U  (r)  is  a  parameter. 

po  - 

For  the  conduction  band  energies  and  wave-functions  two  separate  models  were 
used:  - 

(1)  Only  one  band  was  considered,  this  being  a  parabolic  (s-)  band  derived  from  a 
single  orthogonsllsed  plane  wave  (OPW) 

*c<fc>  -  +  “W2  (*> 

(5) 


♦c*<r)  “  “^.♦k«(r))/',(^) 
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where  N(k)  is  a  normalization  factor  and  p,  is  the  orthogonalization  coefficient. 
„  Km 

(il)  In  this  model  two  bands  (s-  and  d-)  were  Included;  - 


Vg**^  +  *k.g*c(k  +  g)<!> 


The  reciprocal-lattice  vector  g  in  (6)  and  (7)  depends  on  k. 

Tight-binding  expressions  were  used  for  the  energies  and  the  coefficients  a  and  B 
were  determined  by  fitting  to  these  energies.  The  advantage  of  this  model  over  (i) 
is  that  it  takes  Brillouin  Zone  boundary  effects  into  account. 

The  energy  parameters  in  (i)  and  (ii)  were  determined  by  fitting  to  the  energy- 
band  calculations  of  Kunz  /3 /.  The  dielectric  function  e  is  then  calculated  by 
numerical  integration  over  the  first  Brillouin  Zone.  This  is  more  realistic  than 
the  procedures  of  Fry  /l/  and  Lipari  /2 /. 

To  invert  the  dielectric  matrix,  the  following  approximate  formulae  are  used:- 

l/e-1(q,q)  -  e(q,q)  -  £  e(q,q  +  g)e (q + g.q) /e (q  +  g,  q  +  g)  (7) 

g  ------  .... 


e-1(q,q  +  g)  *  -e_1(q.q)e(q,q  +  g)/e(q  +  g.  q  +  g) 


(8) 


The  parameter  6  in  UpQ(r)  is  determined  by  setting  l/e'1 (0,0)  equal  to  the  experi¬ 
mental  value.  As  the  second  term  in  (7)  incorporates  some  of  the  local-field 
corrections,  our  calculation  does  Include  these  approximately.  Using  52  reciprocal 
lattice  vectors,  these  corrections  change'  the  results  by  approximately  6Z  and  7X 
with  models  (i)  and  (ii)  respectively.  Some  of  our  calculations  are  presented  in 
Figs.  1  A  2.  In  these  exchange  and  correlation  have  as  yet  been  neglected. 


Fig.  2(A)  e(q,q):(B)  e-1(q,q)+l 


Fig.  1  Off-diagonal  elements 
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A  sensible  test  of  our  calculations  of  c  Is  provided  by  the  lattice  dynamics. 
The  effective  charge  tensor  Ze^(x)  of  an  ion  of  type  ic  is  got  from  the  q->0  limit 
of  Z(q,ic),  the  effective  charge  vector,  where 

,  -  e_1(q.q  +  g) 

z  (q,*t)  - (q<j^(q>|c)  +  I  - — — -  w(q  +  g.<)(q  +  g)  exp[-ig.R(ic))  (9) 

°  ■  V(q)  -  g  e-1  (q ,q)  *  '  '  '  8 

and  W(q,<)  is  the  unscreened  pseudopotential.  As  a  first  approximation  this  has 
been  taken  as  -Z(ic)v(q)  with  Z(Ci)  «  5  and  Z(K)  *  1.  Our  calculations  give 
Z eff(Ci)  -  -.96(1),  -1.24(11)  and  Zeff(K)  -  1.21(1),  1.20(ii).  These  results 
compare  favourably,  considering  the  approximations  made,  with  the  experimental 
values  of  ±1.123. 

The  dynamical  matrix  is 

D  ,(q;*,0  -  (m(ic)M(ic  jfi_  {gxpfiq.  (r(k)  -  r(k')  ]Z*(q,K')Z  (q,K)v(q)c-1  (q,q) 
ctcx  ^  x  „  „  ..  a  ..  a  ~ 

+(Taa.(q ;<,<')  -  6^.  I  T  -(0{*,r')}  (10) 

K 

in  the  notation  of  Sham  /4/.  In  (10)  the  first  and  second  terms  represent  the 
long-  and  short-range  effects  respectively.  The  latter  can  be  described  by  the 
Lorentz  field  effect  and  some  short-range  force  constants.  These  determine 
completely  the  transverse  phonons,  which  can  almost  be  fitted  with  two  (the 
nearest-neighbour)  parameters  and  can  be  fitted  to  within  5Z  by  using  3  parameters. 

At  present  we  are  trying  to  calculate  the  longitudinal  frequencies  using  the 
above  short-range  forces  and  our  calculated  values  of  Z(q,ic)  and  e-1(q,q).  We  have 
added  a  small  constant  to  Z(q,C£)  to  ensure  that  the  acoustic  sum  rule  is  satisfied. 
At  small  q  our  results  are  reasonable  but  at  larger  values  there  is  a  large  varia¬ 
tion  in  Z(q,Ct),  giving  rise  to  imaginary  frequencies.  We  are  investigating  the 
causes  of  this. 

/I/  Fry,  J.L.,  Phys.  Rev.  179  (1969)  892. 

Ill  Llpari,  N.O.,  J.  Chem.  Phys.  53  (1970)  1040. 

/ 3/  Kunz,  A.B.,  Phys.  Rev.  175  (1968)  1147. 

/ 4/  Sham,  L.J.,  Dynamical  Properties  of  Solids  I  (1974)  ed.  by  G.K.  Horton 
and  A. A.  Maradudln  (Nor th-Hol land,  Amsterdam). 
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CALCULATION  OF  DEFECT  ENTROPIES  IN  IONIC  CRYSTALS  IN  THE  QUASI HARMONIC 
APPROXIMATION  :  APPLICATION  TO  FLJORITES 


P.W.M.  Jacobs,  M.A.H.  Nerenberg,  J.  Govindarajan  and  T.M.  Haridasan 
University  of  Western  Ontario,  London,  Ontario,  Canada  N6A  SB 7 


1.  Outline  of  Theory  The  dynamical  matrix  for  a  crystal  containing  an  inter¬ 
stitial  can  be  written  in  the  form 


L 


L 


fiL 


A 

A 


(1) 


where  L  is  the  dynamical  matrix  of  the  perfect  crystal,  A  is  that  part  of  L  that 

refers  exclusively  to  the  interstitial  and  A  is  the  matrix  that  connects  the  lnter- 

T 

stitial  coordinates  with  those  of  the  rest  of  the  lattice.  A  is  the  transpose  of 
A.  <5L  is  the  matrix  that  describes  the  force  constant  changes  which  occur  because 
of  the  relaxations  of  the  lattice  ions  due  to  the  presence  of  the  interstitial. 

The  Green  matrix  G  -  L-1may  also  be  written  in  partitioned  form  like  that  in  (1), 

whence  it  may  be  shown  that  the  determinant  of  G  is 

|g|  -  |l  -  G  A  L*  ||  G  I  I  A  I-1  (2) 

where  Al'  -  At  +  A  A-1  AT  and  I  is  the  3K  x  3H  unit  matrix,  *  being  the  nuafcer  of 

atoms  in  the  crystal.  Since  static  lattice  calculations  show  that  relaxations  of 

the  lattice  ions  are  small  except  for  the  first  and  second  neighbours,  the  non-zero 
elements  of  At  will  be  restricted  to  a  small  sub-space  comprising  these  n  ions  that 
are  perturbed  appreciably  by  the  interstitial.  It  then  follows  that 

|  I  -  GAL'  |  -  |l  -  gAt*|  (3) 

where  I  on  the  BS  of  (3)  is  now  the  3n  x  3n  unit  matrix. 

At'  -  At  +  A”*  aT  (4) 


where 

A  - 

and  the  dimensions  of  the  matrix  a  are  3n  x  3. 

The  entropy  change  associated  with  the  introduction  of  an  anion  from  "  into  an 
interstitial  position  in  the  high- temperature  approximation  may  then  be  written  in 
the  form 

a  -  -J*  to  tin  |  I  -  gAt'  |  +  3k  {1  -  te  (hu>  /kT)  }  (6) 

1  »*•« 

where  is  the  hypothetical  frequency  of  vibration  of  an  Interstitial  in  a  lattice 
in  which  all  the  host-lattice  lone  era  frozen  at  their  (perfect  lattice)  equilibrium 
positions.  In  alailar  fashion  the  dynamical  matrix  of  a  crystal  with  a  vacancy  is 

Ly  -  Lt  -  Al  (7) 
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where  L(  is  the  dynamical  matrix  L  of  the  crystal  without  a  vacancy,  truncated  by 
removing  the  three  rows  and  columns  belonging  to  the  Ion  which  is  no  longer  present. 
5t  Is  the  matrix  of  force  constant  changed  due  to  the  relaxations  of  the  Ions  caused 
by  the  vacancy.  It  includes  as  well  the  changes  in  the  "self-terms"  of  the  Ions 
because  of  the  removal  from  these  sums  the  contributions  due  to  the  ion  which  has 
now  been  removed.  By  partitioning  L^,  and  also  the  perfect  crystal  dynamical  matrix 
L,  into  blocks  such  that  one  of  the  diagonal  blocks  of  represents  the  'defect 
space’  (that  is  those  ions  that  are  perturbed  by  the  presence  of  the  vacancy  -  in 
practice  this  means  its  first  and  second  neighbours)  and  the  corresponding  block 
of  L  represents  the  defect  space-to-be  (including  the  ion  that  will  become  a 

vacancy)  it  may  be  shown  that  the  entropy  change  associated  with  the  removal  of  a 
lattice  anion  to  °>  is 

sv  -  Jsk  in  Urn  {m’  1 1  (g^>t  -  6*.  |  (kT/h)6}  -  3k  (8) 

The  entropy  of  formation  of  a  Frenkel  defect  is  thus  given  by 

SF  "  8i  +  8v 

-  -Jjk  in  lim  (IgJ  |  (g^1)t  -  M|  |l  -  g  M*  |m>  o»‘  }  (9) 

In  these  expressions  m_  is  the  mass  of  an  anion,  g^  is  the  perfect-lattice  Green 
matrix  for  the  defect  space-to-be  and  (gy-1)t  is  the  truncated  version  of  the 
reciprocal  of  gy  (that  is,  with  the  3  rows  and  columns  deleted  that  correspond  to 
the  ion  which  is  to  be  removed  when  the  vacancy  is  found).  We  may  not  multiply  out 
the  first  product  of  determinants  in  (9)  since  the  operations  of  truncation  and 
Inversion  do  not,  in  general,  commute. 

2.  Calculation  The  necessary  Green  functions  were  evaluated  using  shell  model 
parameters  fitted  to  the  experimental  phonon  dispersion.  These  parameters  were 
taken  from  the  work  of  Blcombe  and  Pryor1  and  Elconbe2.  For  the  calculation  of  fit 
we  require  the  coordinates  of  the  ions  in  the  imperfect  crystal  which  were  obtained 
from  the  HADES  program. *  The  Changes  in  the  short-range  interaction  were  restricted 
to  second  neighbours,  but  in  the  calculation  of  the  self-terms  in  the  61  matrix , 
it  was  necessary  to  ensure  that  each  ion  had  its  full  complement  of  first  and  second 
neighbours,  even  though  these  neighbours  might  lie  outelde  the  defect  space.  The 
short-range  force  constants  were  calculated  using  the  two-body  central  potential  of 
Cat low.  Nor gate  and  loss*.  The  change  in  the  coulomb  interaction  was  calculated 
only  between  the  ion  at  the  origin  (which  later  bee asm  the  sltm  of  the  vacancy)  and 
its  first  and  second  neighbours  (Bene dak5) .  The  defect  space  comprising  the  inter¬ 
stitial  and  its  first  and  second  neighbours  consisted  of  15  Iona,  but  95  ions  had 
to  be  taken  into  account  while  calculating  the  diagonal  terms  of  61.  The  change 
in  the  couloah  force  between  the  Interstitial  and  only  its  first  and  second  neigh¬ 
bours  was  Included.  Additionally,  the  presence  of  the  interstitial  la  felt  through 
the  tans  a  A"1  aT,  where  A"*  was  calculated  from  the  salt  term  of  the  Interitltlal. 

The  calculation  la  a  quaeihamoolt  one  in  that  the  actual  lattice  parameter  At 
each  T  was  used  in  determining  the  relaxation  of  the  Iona.  The  Green  matrix  at, 
each  T  was  obtained  by  a  scaling  procedure*.  This  calculation  yields  an  entropy  of 


yy;: 
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Frenkel  defect  formation  et  constant  volume,  t*.  For  comparison  with  experiment  we 
need  the  corresponding  entropy  et  constant  pressure  sp.  Since  to  first  order  in  v7, 
the  volume  change  on  forming  a  Frenkel  defect  et  constant  pressure,  the  Gibbs  energy 
change  gp  is  equal  to  the  Helaholts  energy  change  fv  7 ,  sp  ie  related  to  by  sv  by 


(£) 


oP 

B  v 


(10) 


where  v  Is  the  volume  per  aolecule  (*2rJ,  r#  being  the  7  F  nn  distance)  and  6 Y  the 
expansivity.  Since  both  the  ener  y  and  entropy  of  defect  format ion  at  constant 

V  V  v  n 

volume  u  and  s  are  determined  by  our  calculations,  f  and  aK  nay  be  found  and 
compared  with  experimental  values. 

3.  Results 


CaF2 

T/K 

300 

1000 

1500 

sV/k 

0.73 

2.88 

5.30 

sP/k 

8.83 

13.30 

18.42 

SrF2 

T/K 

300 

600 

900 

(1200) 

sV/k 

4.49 

3.64 

3.34 

(2.97) 

sp/k 

5.74 

5.68 

5.28 

(4.15) 

aBased  on  extrapolated  values. 


For  C«F28  the  mean  calculated  value  of  aP  in  the  range  550  -  1000  K  is  ~/0k, 
and  the  experimental  value  of  sp  is  kbout  5  k .'For  SrP2  sp  (expt)  -  4.1  k  in  the 
range  -570  -  1100  K,  and  the  calculated  value  of  sp  is  about  5  k.  The  quasiharmonic 
calculation  depends  critically  on  a  knowledge  of  the  temperature  dependence  of  the 
lattice  constant. 
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LIBRATIONAL  MODES  OF  WATER  IN  CRYSTAL  HYDRATES  AND  PHASE-TRANSITIONS 

M.B.  Patel  and  H.D.  Bist 

Department  of  Physios,  Indian  Institute  of  Technology,  Kanpur- India. 


Abstract:  Temperature  dependence  of  infrared  active  librational  modes  of  water  in 
polycrystalline  N(C104) a-6HiO  (M=Mg  and  Zn,  respectively)  shows  phaae  transitions 
at  225.5,  193  and  110  K  in  the  former  and  at  284,  256.5  and  233R  in  the  latter. 

1.  Introduction.  In  the  isomorphous  metal  perchlorate  hexahydrates1  of  general 

formula  M(ClO,),-6H  0,  where  M=Hg,  Fe,  Co,  Hi  and  Zn;  the  Hoasbauer2’3,  magnetic 
^  ^  ^  4  5  6 

susceptibility  and  anisotropy  ,  and  RPR  *  studies  have  revealed  that  these 
systems  undergo  one  (or  more)  phase  transition(s)  between  80-373K.  There  are  two 
different  views  regarding  the  change  in  the  perchlorate  crystal  structure  at  the 
phase  transition  (PT)  below  room  temperature  (RT).  According  to  Hoasbauer 
studies  *  ,  the  water  octahedron  surrounding  the  metal  ion  in  the  cryatal  is 
trigonally  stretched  at  higher  temperature  (HT)  and  it  becomes  trigonally  com¬ 
pressed  at  lower  temperatures  (LT)  after  the  PT.  According  to  Choudhuri4,  the 
water  octahedron  trigonally  stretched  at  HT  becomes  tetragonally  compressed  after 
the  PT,  thus  involving  a  structural  change.  However,  RPR  studies3  show  supporting 
evidence  to  one  or  another  view  point  in  the  same  series  below  and  above  RT^ . 
Ross  has  reported  the  fundasmntal  modes  of  CIO.  1®®  iu  various  anhydrous  and 

7  ' 

hydrated  perchlorates.  Ho  data  are  available  for  librational  modes  of  water  in 
hydrated  perchlorates,  except  LiCl04‘3H20®  and  ZnCClO^j'GHjO9.  We  have  under¬ 
taken  the  study  of  water  modes  in  perchlorates  with  a  view  to  understand  the 
dynamics  of  FT  and  the  relative  significance  of  polyatomic  anions,  water  dipoles 
and  cations  for  affecting  the  PT. 

2.  Experimental .  ^(ClO^j'UjO  (MPHH)  is  prepared  dissolving  magnesium 
carbonate  in  dilute  perchloric  acid  and  purified  by  reported  procedure*.  Infrared 
spectra  at  RT  end  LT  were  taken  by  the  KBr  pellet  technique  using  a  Perkin  Rimer 
SAC  spectrophotometer  and  Specac  variable  temperature  cell  fitted  with  its 
autosMtlc  temperature  control  unit.  The  relevant  bends  are  reported  in  Table  1. 

3.  Results  and  Discussion.  The  librational  assignments  are  based  on:  (I) 
comparison  of  hydrated  CRT  &  LT)  spectra  and  anhydrous  MPHH  (Table  1A)  showing 
that  the  bands  at  602  ,  485  ,  423  ,  380  6  360  cn  ’  are  the  bands  due  to  water 
molecules  and  at  640,  630  («*)  and  457  cm*1  (v£)  that  of  Cl04“  lent  (II)  e he  heads 
at  602  ,  485  ,  423  and  360  cm  1  are  assigned  as  rocking  (R),  wagging  (W),  twisting 
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TABLE  1.  Observed  bands  in  the  IR  spectrua  of  (A)  hydrated  and  anhydrous  and 
(B)  partially  deuterated  magnesium  perchlorate. 


(A) 

LT 

Hvdrated 

RT 

Anhydrous 

RT 

Assign¬ 

ment 

(B) 

Partially  Deuterated 
LT  RT 

Assign- 

»(cm-1 

l)  1  v< 

cm'1) 

I  v(cn  J) 

h2° 

HOD 

V 

h2° 

HOD 

d2° 

360 

40 

356 

23 

M-0 

360 

351 

345 

355 

-- 

M-0 

380 

21 

— 

-- 

— 

M-0W 

380 

375 

370 

— 

— 

— 

M-Ow 

423 

31 

— 

— 

— 

T  W 

423 

382 

290 

— 

— 

— 

T  w 

457 

13 

— 

— 

461 

*2 

485 

450 

335 

470 

445 

330 

W 

485 

100 

470 

100 

— 

\r 

602 

523 

420 

605 

505 

423 

602 

85 

605 

73 

— 

R 

1633 

1441 

1208 

1634 

1442 

1209 

£ 

630 

26 

630 

18 

630, 

o* 

2240 

1945 

-- 

2242 

1950 

— 

v?+R 

640 

25 

640 

16 

639 1 

4 

g 

(T)  and  M-0  ,  respectively,  on  the  basis  of  intensity  (I)  ,  sequence  of  frequency 

•  *  g 

(«)  ,  frequency  shift  on  partial  deuteration  (Table  IB),  expected  M-0^  vibra¬ 
tion10  of  transition  swtal-aquo  complexes,  and  (III)  a  new  criterion  using  a 
combination  band  (of  the  bending  &  rocking  modes  of  bound  water)  at  2235  cm  1 

corroborating  that  the  602  cm  1  band  is  due  to  the  R  modes  of  water.  Similar 
_ _  a 

studies  were  made  in  ZPHH  and  have  been  discussed  earlier  . 


For  structural  studies  of  HPHH  isotopic  dilution  tech¬ 
nique11  was  used.  Figure  1  shows  the  bands  due  to  OD 
stretching  fundamentals  of  lsotopically  dilute  HDO  in  MPHH 
in  the  temperature  range  303-100K.  Between  303-100K  the  six 
water  amleculea  are  equivalent,  confirmed  by  the  single 
bending  mdde.  The  shoulder  appearing  at  225.5  i  1.5K  in  the 

OD  stretching  modes  that  the  water  molecules  are  distorted 

12 

due  to  non-equivalent  hydrogen  bonding,  as  a  result  of 
which  the  space  group  of  HPHH  Including  hydrogen  is  no  more 
4  but  one  of  the  lower  symmetry.  At  193  1  IK  the  water 
molecules  sre  distorted  further,  due  to  the  weakening  of  one 
hydrogen  bond.  The  peak  intensity  enhancement  at  110  t  5K 
and  width  coaride rations  suggest  s  positional  ordering  of 
hydrogen  atoms  In  the  system.  The  T  node  shows  similar 
behaviour  as  the  OD  stretch.  The  FT  at  225. SK  is  being 
reported  here  for  the  fleet  tine.2'5  Fseeent  study  shows 
that  all  the  FT  are  2nd  «  higher  order. 

Figure  2  shows  the  bands  in  (A)  stretching  and  (B) 
bending  regions  of  water  in  ZPH  in  the  temperature  range 


Fig.  1:  Temperature  ssssmesnee  of  < 

»|ftl(^)2-6^0  (B:B-95r5)  *11  at  in 


of  OB  stretch  of  BOO  in  partially  deuterated 
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Fig.  2:  Temperature  depend¬ 
ence  of  the  (A)  stretching 
and  (B)  bending  nodes  of 
water  in  Zn^lO^Jj^HjO. 


305-123K.  Detailed  study  of  the  variation  of  inten¬ 
sity,  and  full  width  at  half  naxiaua  intensity 
(FWHMI)  with  tenperature  in  the  bending  region  (Fig. 
3  )  broadly  corroborates  the  discontinuous  changes 
depicting  the  PT  at  284,  256.5  and  near  233X. 

Figures  2-3  show  that  (I)  ninor  changes  are  taking 
place  at  284K,  which  indicate  that  2nd  or  higher 
order  PT  is  taking  place.  This  observation  nay  be 
attributed  to  the  axial  coag>ression  of  water  aole- 
cules  resulting  due  to  distortion  of  ClO^  ion^  in 

crystal  hydrates,  below  284K,  without  structural 
12 

change,  (II)  the  sharp  changes  at  256. 5K  indicate 

that  1st  order  PT  is  taking  place;  changes  in  band 

12 

shapes  (Fig.  2)  indicate  that  structural  change  is 

taking  place.  Our  observations  support*  that  the 

space  group  cl  of  ZPHH  at  HT  changes  to  space  group 
5  w 

C2h  below  256. 51,  which  is  consistent  with  group 

theoretical  calculations  and  experinental  observa- 
13 

tions  in  tutton  salt  having  the  saae  octahedral 
aquo-coaplex,  (III)  the  discontinuity  in  between 
243-223K  shows  that  this  PT  is  2nd  or  higher  order. 
The  change  in  FWSII  in  the  stretching  region  indi¬ 
cates  that  the  PT  near  2331  is  order-disorder  type.1* 


Fig.  3:  A  plot  of  (A) 
relative  intensity  vs, 
tenperature  (solid 
line)  and  (B)  FWHMI  vs. 
tenperatsre  for  bend¬ 
ing  node  of  water  in 
Zn(Cl04)2*6B20. 
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BRILLOUIN  SCATTERING  IN  SILVER  HALIDES 

T.  Hattori,  T.  Iaaniahi,  H.  Kurokam  and  A.  Mitauishl 

Department  of  Applied  Physics,  Osaka  University,  Suita,  Osaka  S6S,  Japan 


Abstract. -  Polarized  Brillouin  scattering  spectra  in  AgBr  and 
AgCl  crystals  were  measured  in  the  temperature  region  from  room 
temperature  to  liquid  phase  temperature  above  the  melting  point. 
The  anomaly  that  the  acoustic  phonon  frequency  shows  a  marked 
decrease  at  high  temperature  cannot  be  interpreted  by  a  quasi¬ 
harmonic  approximation.  The  discussion  is  given  on  the  relation 
between  the  anomalous  features  and  the  increasing  Frenkel  de¬ 
fects. 

1.  Introduction.-  It  is  well  known  that  silver  halides  show  sin  anomaly 
in  ionic  conductivity [1 ] ,  lattice  constant[2],  specific  heat[3]  and 
others  at  high  temperature.  The  anomaly  in  the  elastic  constant 

of  AgBr  was  observed  by  using  an  ultrasonic  pulse  technique [4] .  It  is 
generally  assumed  that  this  anomaly  is  associated  with  Frenkel  defect, 
but  there  seems  to  be  no  detailed  discussion.  In  order  to  study  the 
anomaly  in  the  case  of  AgBr  and  AgCl,  polarized  Brillouin  scattering 
spectra  were  measured  in  the  temperature  region  from  room  temperature 
to  liquid  phase  temperature  above  the  melting  point. 

2.  Experiment.-  Spherical  single  crystals  of  AgBr  and  AgCl  were  grown 
by  the  Bridgman  method.  The  orientation  of  crystal  was  determined  by 
the  observation  of  the  etch  pits  and  was  checked  by  a  Laue  X-ray  tech¬ 
nique.  The  crystals  were  cut  and  polished  so  that  the  wavevector  can 
be  transfered  along  <100>  or  <110>  directions.  After  polishing  the 
crystals  were  annealed  at  about  350°C  and  then  slowly  cooled  to  room 
temperature.  The  crystal  for  the  optical  measurements  was  located  in 
an  electric  furnace  with  fused  quartz -windows.  For  the  measurements 
at  liquid  phase  temperature,  the  powder  of  AgBr  or  AgCl  sealed  in  a 
small  fused  quartz-tube  in  high  vaccum  was  melted  in  the  furnace. 

3.  Results.-  Three  modes,  which  participate  ip  the  elastic  constants 

cll*  C44  y(C1j*Cj2+2C<<) ,  respectively,  were  observed  in  the  pola¬ 

rised  Brillouin  scattering  spectra,  which  were  ipasured  using  a  triple 
pass  pressure  scanning  Fabry- Perot  interferometer.  The  following 
three  values  for  those  three  modes  were  obtained  as  a  function  on  tem¬ 
perature  :  the  value  of  the  Brilleuim  shift,  the  half  width  of  the 


Brillouin  band  and  the  intensity  ratio 
(I^/I^)  of  the  longitudinal  acoustic  (LA) 
phonon  to  the  transverse  acoustic  (TA) 
phonon.  Figure  1  shows  the  temperature 
dependence  of  the  three  values  for  both 
C-j^  and  modes  of  AgBr.  Both  values 
of  the  Brillouin  shift  for  and 
modes  decrease  linearly  with  increasing 
temperature  up  to  about  300 °C  and  there¬ 
after  show  a  marked  decrease  to  melting 
point.  Together  with  the  phenomea 
mentioned  above,  the  value  of  IL/IT  in¬ 
creases  slightly  with  increasing  tempera¬ 
ture  up  to  about  300°C  and  then  increases 
rapidly  as  if  it  diverges  at  the  melting 
point.  On  the  other  hand,  the  shape  of 
each  Brillouin  band  is  a  Lorentzian  in 
whole  temperature  region  measured  includ¬ 
ing  the  liquid  phase,  and  the  half  width 
of  4x10  cm  hardly  changes  within  ex¬ 
perimental  errors.  In  the  case  of  AgCl, 
the  same  phenomena  as  AgBr  was  observed. 

4.  Discuss ion.-  In  general,  the  frequency 
of  a  phonon  (ok)  is  a  function  of  tempera¬ 
ture  (T)  and  volume  (V) . 
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Fig.l  :  Temperature  de¬ 
pendence  of  LA  and  TA 
phonons  propagating  along 
the  <100>  crystal  axis  of 
AgBr. 


as  follows: 


Therefore,  its  derivative  do^  is  expressed 


dui  ■ 


3w.  du- 

(9T°TdV  +  (3T1)VdT 


.(1) 


Under  the  condition  of  the  constant  pressure,  Eg(l)  can  be  transfered 
to 


.  3w . 

. 

where,  o  is  the  coefficient  of  volume  thermal  expansion  and  Yj  the 
mode-Gruneisen  parameter,  respectively.  In  silver  halides,  both 
physical  constnants  of  a  and  Yj  were  obtained  by  Lawson  at  al.[2)  and 
by  Loje  at  al.[5),  respectively.  Therefore,  we  can  calculate  the 
value  of  the  first  tern  of  equation  (2)  as  Shown  in  figure  2  by  the 
symbol  •.  The  second  term  of  equation  (2)  shows  the  contribution  of 
the  anharmonicity .  It  is  assumed  that  the  calculated  value  of  the 
second  term  is  independent  of  temperature  and  is  a  constant,  because 
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the  half  width  of  each  acoustic  phonon 
band  hardly  changes  as  shown  in  figure 
1.  Therefore,  the  calculated  curve  of 
the  equation  (2)  is  as  shown  in  figure 
2  by  using  the  symbol  A.  This  curve 
does  not  agree  with  the  experimental 
curve  at  all.  Namely,  the  anomaly 
that  the  acoustic  phonons  show  a  marked 
decrease  at  high  temperature  cannot  be 
interpreted  by  a  quasiharmonic  approxi¬ 
mation.  And  this  anomaly  was  observed 
for  all  acoustic  phonon  modes.  It  is 
considered  that  the  increasing  Frenkel 
defect  at  high  temperature  playes  a 
dominant  role  in  this  anomalous  be¬ 
havior.  Therefore,  the  third  term  as 
(3tiij/3N)  (dN/dT) ,  where  N  is  the  concen¬ 
tration  of  Frenkel  defect,  is  added  in 


Fig . 2  :  The  comparison  between 
the  experimental  curve  (solid 
line)  and  the  calculated  ones 
of  the  temperature  derivative 
of  the  phonon  frequency  for 
each  mode.  The  discontinu¬ 
ation  of  each  curve  at  2ro°C 
is  not  essential,  because  it 
is  due  to  the  fact  that  we  put 
d«/dT  to  be  constant  at  the 
temperature  region  under  290°C 
for  convenience  of  the  calcu¬ 
lation.  See  the  text  concern¬ 
ing  the  calculated  curves. 


equation  (2)  in  order  to  interprete 
this  anomaly.  The  values  of  (dN/dT) 
were  already  reported  [6).  Because, 
the  values  of  (3u^/3N)  cannot  measure , 
it  was  taken  as  a  fitting  parameter. 
The  best  fit  value  is  1.5cm  *.  And 
then,  the  calculated  curve  is  obtained 
as  shown  in  figure  2  by  the  symbol  x. 
Therefore,  it  is  considered  that  the 
anomalous  features  of  the  acoustic 


phonon  of  silver  halides  can  be  interpreted  very  well  by  the  third 
term  added  newly  in  equation  (2).  The  same  analysis  is  made  for  the 
case  of  AgCl .  To  clarify  the  third  term,  further  study  is  in  progress. 
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DETECTION  OF  IMPURITY  TUNNELING  IN  SOLIDS  VIA  COHERENT  PHONON  COUPLING 
AND  DIRECT  NEUTRON  SCATTERING 

R.C.  Casella 

national  Measurement  Laboratory,  national  Bureau  of  Standards,  Washington, 

D.C.  20224,  U.S.A. 

Abstract.-  A  theoretical  treatment  Is  given  of  the  observation  of  molecular 
tunneling  In  solids  by  the  coherent  interaction  of  the  tunnel-split  excita¬ 
tions  with  acoustic  phonons  and  by  direct  neutron  inelastlc_scatterlng. 
Results  are  applied  to  the  case  of  rotation  tunneling  of  CN~  dumbbells  in 
KBr  and  KC1,  and  to  the  motion  of  H  atoms  in  two-well  traps  associated  with 
oxygen  impurities  in  niobium.  Comparison  is  made  with  experiment. 


Coherent  forward  resonant  scattering  of  phonons  from  the  tunnel-split  ground 
and  libronlcally  excited  configurations  of  impurity  molecules  in  solids  results  in 
mixed  modes,  with  non-zero  component  amplitudes  for  both  the  phonon  and  the 
coherently  excited  impurity  complexes.  When  observed  via  inelastic  neutron 
scattering,  one  sees  a  perturbed  acoustic  branch  in  the  neighborhood  of  the  wave 
vector  k  at  which  the  component  modes  are  degenerate  [1],  [2).  The  mixed  mode 
|*  >  is  given  by  relation  (1),  where  |kx,  J  >  represents  the  impurity  excitation  at 
site  ft. 

|*  >  »  | phonon,  ft  >  +  i  J  jxx,  ft  ><  EX,  ft|T|phonon,  ft  >  (1) 

t 

where  the  sum  on  R  of  the  T-metrlx  elements  extends  only  over  lattice  sites 
occupied  by  the  dumbbell  imparities.  The  mixed  nodes  have  been  described  in  terms 
of  vector  cubic  harmonics  sad  analysed  group  theoretically  in  terms  of  a  model  (2) 


Pig.  1.  Energy  level  schematic  for  the 
unperturbed  impurity  complex:  the  A. 
lowest  level  and  the  neutron-active  * 
low-lying  Kg  and  T2g  states  vs.  the 
coupling  strength  g  of  the  hindering 
potential  for  the  model  lm  which  the 
impurity  dumbbells  are  aligned  along 
<  111  >  directions.  The  first  excited 
libroelc  level  is;  of  type  Eg.  The 
tunnel  split  excitation  within  tha 
llbronic  ground  state  is  of  type  T2g. 

1  la  tha  rotation  coma tent;  1  is  the 
angular- eon  an  turn  quantum  nuaber  whan 
t  -  0. 
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which  accomodates  the  neutron  scattering  data  [3],  [4]  as  well  as  the  infrared  and 

Raman  scattering  data  [5]  for  KC1:CN~  and  KBr : CN~ .  The  more  easily  observed 

phonon  admixture  with  the  first  libronically  excited  tunnel  state  is  determined  to 

be  of  character.  (See  Pig.  1.)  If  the  tunnel-split  second  excited  state  (T^^ 

character)  were  to  lie  close  to  the  E^  excitation  in  these  systems  it  ought  couple 

with  equal  strength  [2],  The  inability  to  observe  the  T_  interaction  via  neutron 

2S 

scattering  indicates  that  it  lies  above  the  potential  barrier  and  is  subject  to 
lifetime  broadening  due  to  multi-phonon  amission.  This  destroys  the  coherence 
required  for  its  observation  via  the  neutron  probe.  The  observation  of  a  broad  T^^ 
state  in  the  Raman  spectra  considerably  above  the  E^  15]  is  in  accord  with  this 
picture.  Moreover,  the  model  leads  to  the  conclusion  that  the  tunnel-split  ground 
state  in  these  systems  ought  be  observable  by  neutron  scattering  (via  its  coupling 
to  the  acoustic  phonon)  only  in  the  configuration  (Fig.  1).  This  prediction 
has  been  confirmed  experimentally  in  KBr:CN~  [3]. 

At  low  temperatures,  dilute  (<  0(1Z)  concentration)  hydrogen  atoms  in  metals 
such  as  niobium  and  tantalum,  also  doped  with  0(12)  concentration  oxygen  atoms, 
become  trapped  at  the  latter  sites  in  what  are  believed  to  be  two-well  centers. 
Tunneling  of  the  hydrogen  between  the  two  potential  minima  near  the  oxygen  provides 
another  Interesting  system  in  which  molecular  (atomic)  tunneling  in  solids  can  be 
studied  under  quite  different  conditions.  Because  of  the  very  large  low-energy  n  p 
scattering  length  it  is  possible  to  study  the  excitations  directly  via  neutron 
scattering.  This  has  been  done  both  for  transitions  among  the  tunnel-split 
components  of  the  vibronic  ground  state  [6]  and  also  for  transitions  from  them  to 
the  first  and  second  vlbronically  excited  states  [7].  Here  the  picture  is  complica¬ 
ted  by  local  strains  which  can  produce  relative  displacements  in  the  energy  of  the 
component  well  minima.  This  greatly  reduces  the  ratio  of  inelastic  to  elastic 
neutron  scattering  within  the  ground  doublet  according  to  a  model  developed  in  [6] . 
The  reduction  is  by  a  factor  slnz26  where  6  la  a  mixing  angle  between  the  left  and 
right  si^le-well  states,  describing  their  admixture  in  tight-binding  approximate 
tunneling  eigenstates.  (The  average  is  over  some  assumed  distribution  of  the 
strain  Induced  relative  displacements.)  In  principle,  for  sero  strain  (infinite 
dilution)  the  elastic  and  isnlastlc  differential  cross  sections  foT  scattering 
within  the  ground  doublet  ought  to  be  comparable.  It  is  Important  to  understand 
theoretically  the  neutron  induced  transitions  to  the  tunnel-split  excited  states  in 
order  to  confirm  the  model  directly.  If  separated  considerably  from  the  ground 
doublet,  the  excited  doublet  can  be  characterized  by  a  mixing  angle  4,  generally 
different  from  9.  Matrix  elements  for  transitions  from  either  component  of  the 
ground  doublet  to  either  of  the  tunnel-split  excitations  depend  upon  both  6  and  f. 
Aider  suitable  experimental  conditions,  however,  the  differential  cross  section  for 
excitations  from  both  components  of  the  ground  doublet  to  either  component  of  the 
excited  doublet  can  be  shown  to  be  independent  of  6  and  of  4*  the- redo  A  of 

inelastic  cross  sections. 
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A 


der/dfl) 


excited 

Inelastic 


/da/dfl) 


ground 

Inelastic 


(2) 


2 

Is  enhanced  by  a  (concentration  dependent)  factor  l/(sln  20).  The  numerator  in 

*V  _► 

the  expression  for  A  is  diminished  by  the  transition  form  factor  F(q')  where  q '  is 

the  momentum  transfer  in  the  higher  energy  Inelastic  neutron  scattering  experiment 

involving  vibronlc  excitation.  For  small  q 1 ,  ^  (q' .S)2,  where  5  is  the  dipole 

transition  matrix  element.  For  small  momentum  transfer  3  in  the  lower  energy 

experiment  Involving  transitions  within  the  ground  doublet,  the  denominator 
2 

*  (q.r/2)  where  "t  denotes  the  spatial  displacement  of  the  well  minima  within  each 
two-well  complex.  Thus,  in  the  limit  q'  -*■  0,  q  -*■  0  such  that  ratio  P  of  the  larger 
to  the  sisal ler  remains  fixed,  A  remains  finite.  I  find,  in  this  limit. 


A  -  (p2/8)  Oykj)  (#m/Vo)/  (sin226). 


(3) 


Here,  (k^/kj)  is  the  ratio  of  the  final  to  the  initial  momenta  of  the  neutron  in  the 

higher  energy  experiment,  liu  is  the  vibronic  excitation  energy,  and  V  is  the 

o 

barrier  height  between  the  potential  minima.  General  expressions  have  also  been 
derived  for  A  and  various  other  cross  section  ratios  when  the  small  if,  expansion 
is  not  justified  [8].  Because  of  the  disparate  conditions  under  which  the  higher 
[0(100  meV)]  and  lower  [0(0.2  meV]  energy  neutron  scattering  experiments  are  run  in 
Nb:0(lZ)  H,  0(1Z)  0,  many  difficult  normalization  problems  have  to  be  dealt  with  in 
order  to  determine  A  even  semiquantitatively  [7].  Nevertheless,  it  would  appear 
worthwhile. 
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